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Optical Properties and Optoelectronic Applications of Nano-size 
Metallic Films and Metamaterials 
 
Future optical and optoelectronic devices are desired to have compact sizes, high 
efficiencies, robust performance, and low manufacturing costs. All these advances demand 
developments both in their constituent materials and design concepts. Silver (Ag) is one of 
the most widely used materials for optoelectronic devices and metamaterials, due to its low 
optical loss in the visible and near infrared (NIR) range, as well as good electrical 
conductivity. However, Ag is well known to have several issues, including difficulty to 
form high-quality thin films, poor stability in an ambient environment and under elevated 
temperatures, and inferior adhesion with substrates. These issues constrain Ag’s 
applications in various devices. In light of this, a new kind of silver: doped silver is 
developed. With the aid of a small amount of doping elements (e.g., Aluminum, Titanium, 
Chromium, and Copper) during the Ag deposition, ultra-thin (down to 6 nm), smooth (sub-
ns roughness), and low-loss Ag films are obtained. Compared to pure Ag films, doped Ag 
films have a significantly improved long-term and thermal stability, as well as good 
adhesion to various substrates. For example, Al-doped Ag films have an improved thermal 
stability up to 500 ˚C, and are stable in ambient environment for over half a year. Doped 
Ag films have facilitated diverse high-performance optical and optoelectronic devices, 
xxii 
 
such as organic solar cells, organic light emitting diodes, optical metamaterials, and 
plasmonic devices.  
 
Metamaterials are artificially designed materials with extraordinary optical properties, and 
have the potential to replace conventional bulky optical systems. Nano-size metamaterials 
(metasurfaces) are demonstrated for controlling various properties of light. An asymmetric 
light transmitting metasurface consisting of coupled metallic sheets is demonstrated. It has 
a measured transmission efficiency of 80%, extinction ratio of 13.8 dB around 1.5 µm, and 
a full width half maximum bandwidth of 1.7 µm. It is as thin as 290 nm, has a good 
performance tolerance against the angle of incidence and constituent nano-structure 
geometry variations.  In addition, a large-area, printed metasurface is designed and 
fabricated. It is made of lossless dielectric (silicon) materials and offers the functionality 
of converting a linearly polarized incident light into a radially polarized transmitted light. 
 
These optical and optoelectronic devices also provide valuable solutions to problems in 
other fields, such as acoustic wave detection. It is shown that optical resonant structures 
provide a unique approach for acoustic wave detection. Nanoimprinted polymer microring 
resonators are investigated as high-performance ultrasound detectors. They have a good 
detection sensitivity (noise equivalent detectable pressure of 105 Pa from 1 to 350 MHz), 
broad response bandwidth (DC to 350 MHz at -3dB), and immunity to electromagnetic 
interferences. These advantages have facilitated their various applications, such as 
photoacoustic imaging and real-time terahertz (THz) pulse detection. To further reduce the 
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Future optical and optoelectronic devices are desired to have compact sizes, high 
efficiencies, robust performance, and low manufacturing costs. All these advances call for 
developments both in their constituent materials and design concepts. This PhD thesis 
presents some of the recent developments of the above aspects. 
 
Silver (Ag) is one of the most widely used materials for optoelectronic devices and 
metamaterials, due to its low optical loss in the visible and near infrared (NIR) range, as 
well as good electrical conductivity. However, Ag is well known to have several issues, 
including difficulty to form high-quality thin films, rough surface morphologies, poor 
stability in an ambient environment and under elevated temperatures, and inferior adhesion 
with substrates. These issues constrain Ag’s applications in various devices. In light of this, 
a new kind of “improved” silver: doped silver is developed. With the aid of a small amount 
of doping elements (e.g., Aluminum, Titanium, Chromium, and Copper) during the Ag 
deposition, ultra-thin (down to 6 nm), smooth (sub-nm roughness), and low-loss Ag films 
are obtained. Compared to pure Ag films, doped Ag films have a significantly improved 
long-term and thermal stability, as well as good adhesion to various substrates. Doped Ag 
films have facilitated diverse high-performance optical and optoelectronic devices, such as 
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organic solar cells, organic light emitting diodes, optical metamaterials, and plasmonic 
devices. Organic solar cells using thin doped Ag films as transparent conductors have 
enhanced power conversion efficiencies (PCEs) thanks to the resonant light harvesting 
effect; Organic light emitting diodes based on thin doped Ag films have enhanced out-
coupling efficiencies and improved mechanical flexibilities; Optical metamaterials 
consisting of doped Ag films have both a low-loss and homogeneous response; Plasmonic 
waveguides made of doped Ag films exhibit record-high propagation lengths. 
 
Metamaterials are artificially designed materials with extraordinary optical properties, and 
have the potential to replace conventional bulky optical systems. Nano-size metamaterials 
(metasurfaces) are demonstrated for controlling the propagation direction and polarization 
of light. A 290 nm thick metasurface, which provides asymmetric light transmission, is 
designed and fabricated. It has a measured transmission efficiency of 80%, an extinction 
ratio of 13.8 dB around 1.5 µm, and a full width half maximum bandwidth of 1.7 µm. Also, 
the metasurface has a good performance tolerance against the angle of incidence and 
constituent nano-structure geometry variations, and is compatible with large-scale 
manufacturing techniques. In addition, a large-area, printed metasurface is designed and 
fabricated. It is made of lossless dielectric (silicon) materials and offers the functionality 





These optical and optoelectronic devices also provide valuable solutions to problems in 
other fields, such as acoustic wave detection. It is shown that optical resonant structures 
provide a unique method for acoustic wave detection. Nanoimprinted polymer microring 
resonators are investigated as high-performance ultrasound detectors. They have a good 
detection sensitivity (noise equivalent detectable pressure of 105 Pa from 1 to 350 MHz), 
broad response bandwidth (DC to 350 MHz at -3dB), and immunity to electromagnetic 
interferences. These advantages have facilitated various applications in photoacoustic 
imaging and real-time terahertz (THz) pulse detection. To further reduce the detector size, 
polymer filled silicon metasurfaces on fiber tips are studied. Such metasurfaces are 
designed to have sharp reflection resonances, which are prone to be modulated by external 
ultrasound waves. Direct integrating them on the tips of optical fibers further shrink their 
footprint, and provides viable solutions to applications, such as intravascular photoacoustic 
imaging, remote strain monitoring, and point-of-interest ultrasound inspection. 
1.2 Thesis outline 
The thesis can be categorized into three parts: Doped Ag films and their optoelectronic 
applications; Metasurfaces for light property manipulations; Ultrasound detectors based on 







Doped Ag films and their optoelectronic applications 
 
Chapter 2 presents an ultra-thin, smooth and low-loss Al-doped Ag film. With the help of 
a small amount of Al during Ag deposition, the Ag atoms’ Vomer-Webber growth (3D 
growth) mode is greatly suppressed, and therefore, ultra-thin, smooth and low-loss Ag 
films are obtained. Ultra-thin and smooth Ag film is achieved down to a 6 nm thickness 
with a sub-nm roughness, and the doped Ag maintains the good optical properties of pure 
Ag. Compared to pure Ag, Al-doped Ag also has a significantly improved long-term and 
thermal stability (up to 500°C), as well as good adhesion to various substrates. Various 
techniques have been utilized to characterize the optical, structural, and electrical 
properties of Al-doped Ag films. In the end, preliminary studies of alternative doped Ag 
films are also discussed. These films include Ti-doped Ag, Cr-doped Ag, and Cu-doped 
Ag. Their optical, structural, and electrical properties are characterized and compared. 
 
Chapter 3 presents the application of Al-doped Ag films as transparent conductors in 
organic solar cells (OSCs). Compared to one of the most widely used transparent 
conductors: indium tin oxide (ITO), thin Al-doped Ag film has the advantages of 
mechanical flexibility and sufficient conductivity over large areas. In additional, the 
reflection from the thin metal film can be utilized for resonant light harvesting inside 




Chapter 4 extends the investigations of the resonant light harvesting effect in chapter 3 by 
inserting an additional dielectric layer (Ta2O5) between the fused silica substrate and the 
thin Al-doped Ag film. On one hand, the Ta2O5 layer works as a wetting layer to promote 
an ultra-thin Ag film formation down to a 4 nm thickness, and such a thin Ag film can work 
as a transparent conductor in organic solar cells. On the other hand, varying the thickness 
of the Ta2O5 layer will dynamically tune the optical field distribution inside the solar cells, 
which contributes to optimizations of the resonant light harvesting effect in organic solar 
cells. In the end, a four-layer, hybrid transparent conductor based on Al-doped Ag is 
designed and fabricated, which provides a high transmittance over the visible and near-IR 
range (an averaged transmittance of 92.4% from 400 nm to 1000nm). 
 
Chapter 5 presents the application of doped Ag films as transparent conductors in organic 
light emitting diodes (OLEDs). OLEDs based on ITO have limited out-coupling 
efficiencies due to the confined light emission in the ITO layer, as well as poor mechanical 
flexibilities. Thin doped Ag film provides an effective solution to the above issues. OLEDs 
based on thin Al-doped Ag and Cu-doped Ag films are designed and compared. An OLED 
based on a 10 nm thick Al-doped Ag electrode has an out-coupling efficiency of 39.09% 
in simulation, an 18.4% out-coupling efficiency enhancement compared to that of the 
optimized 150 nm ITO-based device. The out-coupling efficiency is further improved by 
replacing Al-doped Ag with a less lossy Cu-doped Ag film (Out-coupling efficiency of 




Chapter 6 presents a nanophotonic framework enabled by Al-doped Ag films. Two 
representative nanophotonic devices are investigated: hyperbolic metamaterials (HMMs) 
and long range surface plasmon polariton (LR-SPP) waveguides. HMMs consisting of thin 
constituent layers of Al-doped Ag films have both a low-loss and homogenous response. 
Also, they support a broader bandwidth of high-k modes compared to HMMs made of 
thicker layers. LR-SPP waveguides based on thin Al-doped Ag films demonstrate an order 
of improvement in terms of the propagation length (a few centimeters) compared to similar 
structures made of other plasmonic materials. 
 
Metasurfaces for light property manipulations 
 
Chapter 7 presents a few-layer, asymmetric light transmitting metasurface that have the 
advantages of high efficiency, broad bandwidth, and robust angular tolerance. The 
metasurface consists of coupled metallic sheets. It has a measured transmission efficiency 
of 80%, extinction ratio of 13.8 dB around 1.5 µm, and a full width half maximum 
bandwidth of 1.7 µm. It is as thin as 290 nm, has a good performance tolerance against the 
angle of incidence and constituent nano-structure geometry variations, and is compatible 
with various large-scale manufacturing techniques. 
 
Chapter 8 presents a printed dielectric metasurface for converting a linearly polarized 
incident light into a radially polarized light in transmission. The metasurface consists of 
silicon based nano-antennas whose orientations are gradually rotated over the plane. The 
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two dimensional (2D) nature of metasurfaces corresponds well with the nanoimprint 
lithography (NIL), which patterns nanostructures over a plane. NIL has the advantages of 
simplified fabrication, high resolution, great fidelity, and increased throughput, thus 
providing an efficient and cost-effective method to fabricate metasurfaces. The design 
methodology and fabrication technique developed in this work are applicable to various 
metasurfaces. 
 
Ultrasound detectors based on optical resonating structures 
 
Chapter 9 presents high-performance ultrasound detectors based on nanoimprinted 
polymer microring resonators. They have a good detection sensitivity (noise equivalent 
detectable pressure of 105 Pa from 1 to 350 MHz), broad response bandwidth (DC to 350 
MHz at -3dB), and immunity to electromagnetic interferences. These advantages have 
facilitated microring’s various applications, including photoacoustic imaging and real-time 
terahertz (THz) pulse detection. 
 
Chapter 10 presents another type of ultrasound detectors based on polymer filled silicon 
metasurfaces on optical fiber tips. The metasurfaces are designed to have sharp reflection 
resonances, which are prone to be modulated by external ultrasound waves. Direct 
integrating these devices on the tips of optical fibers further shrink their footprint, and 
provides viable solutions to applications, such as intravascular photoacoustic imaging, 
remote strain monitoring, and point-of-interest ultrasound inspection. 
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Ultra-thin, Smooth, Low-loss and Stable Al-doped Ag Films 
2.1 Introduction 
Thin metal films have many applications in optoelectronic and nanophotonic devices. 
Among them, silver (Ag) is widely used due to its excellent conductivity (the highest 
among all metals) and low optical loss in the visible and near-IR band. The low optical loss 
in the visible and NIR regime partially results from the small free electron damping rate 
and the location of optical inter-band transitions in the UV range, which also makes Ag 
one of the most favorable plasmonic materials in the visible and NIR. Thin Ag film has 
various important applications, e.g., in optical metamaterials [1-5] and transparent 
conductors [6, 7]. Metamaterials based on thin Ag have enabled promising applications in 
super resolution imaging [8, 9], negative refractive index metamaterials [10, 11], 
hyperbolic metamaterials [5, 12], structural color filters [13, 14]. The performance of these 
devices depends critically on the surface morphology and thickness of the Ag layers [15, 
16]. 
 
However, it is difficult to obtain a thin and smooth Ag film due to its 3D island formation 
during the film growth (Vomer-Webber growth mode) [17]. A rough surface morphology 
will impair the film conductivity and cause additional optical loss, even leading to non-
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conductive films when the islands cannot form percolation paths. Though increasing film 
thickness could alleviate the film continuity issue, the low loss and homogeneity of the 
metamaterials are inevitably compromised [18]. Also, Ag has poor chemical and thermal 
stability, and inferior adhesion to popular substrates like silicon and fused silica [19]. In 
fact, spontaneous de-wetting for a thin Ag film occurs even at room temperature [20] (such 
degradation is greatly accelerated even for modest temperatures ~100°C [21, 22]), whilst 
the entirety of Ag films can removed by ultrasonic vibrations or even Scotch tape [23]. 
 
To address the above issues, one commonly used method is to deposit a thin adhesion layer 
(e.g., Germanium [19], Nickel [24], or Molly Oxide [6]) before the Ag deposition, which 
can significantly reduce the Ag film roughness and promote a thin film formation. 
However, these adhesion layers generally induce additional optical loss (as they are poor 
plasmonic materials), which is especially damaging for plasmonic structures since the 
optical field is enhanced at the metal-dielectric interface. Consequently, even a 1 or 2 nm 
thick wetting layer will cause a significant plasmonic mode damping [25-27]. 
 
Mechanical pressing method is also demonstrated to generate smooth surfaces on a 100 nm 
Ag film, but it requires both a high working pressure and ultra-smooth mold. Also, it has 
potential issues of damaging structures underneath the Ag layer [28]. Recently, atomically 
smooth Ag films have been achieved using a low-temperature epitaxial deposition followed 
by a room-temperature annealing treatment [29]. However, this approach is complicated 
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and limited to grow high quality Ag films on silicon substrates. Also, its applicability in 
fabricating various nanophotonic devices need to be further evaluated. 
2.2 Ultra-thin and smooth Ag films by Al doping 
Remarkably, just by introducing a small amount of Al into Ag via a simple co-sputtering 
process (Figure 2.1), the percolation threshold of the resultant film can be reduced down 
to 6 nm. The Al-doped Ag films were co-sputtered by a DC magnetron sputter tool (Lab18, 
Kurt J. Lesker Co.) with Argon (Ar) gas at room temperature. The chamber base pressure 
was pumped down to about 1×10-6 Torr before the film deposition. During deposition, the 
Argon gas pressure was 4.5 mTorr and the substrate holder was rotated at a rate of 10 rpm. 
Two pure Ag and Al targets were co-sputtered to create Al-doped Ag films. Varying the 
source powers of Al and Ag targets will adjust the composition of sputtered films. The 
sputtering rates of Ag at 0.9 nm/s and Al at 0.06 nm/s produced Al-doped Ag films with 




Figure 2.1: Schematic drawing of the Al and Ag co-sputter set-up. 
 
To confirm the ultra-thin thickness of Al-doped Ag films, an annular bright field (ABF) 
cross-sectional transmission electron micrograph (TEM) of a 6 nm film was taken, which 
confirmed the film’s 6 nm thickness and showed its poly-crystalline structure (figure 2.2). 
The Al-doped Ag sample with a protective M-bond resin was prepared by hand polishing 
and a PIPSII ion polishing system. The specimen was studied under STEM mode on a 




Figure 2.2:  An annular bright field (ABF) cross-sectional transmission electron 
micrograph (TEM) of a 6 nm Al-doped Ag film. 
 
Besides the early onset of a continuous film formation, the Al-doped Ag film has a smooth 
surface morphology with a significantly reduced root-mean-square (RMS) roughness less 
than 1 nm. The scanning electron microscopy (SEM) characterization shows drastically 
different film morphologies between a 9 nm (nominal thickness) pure Ag film by sputtering 
(Figure 2.3a) and a 9 nm doped Ag film (Figure 2.3b) by Ag and Al co-sputtering. The 
grain or island-like morphology in Figure 2.3a is typical of a pure thin Ag film. The islands 
are connected at some local regions, but are lacking of long-range connections. 
Consequently, the 9 nm pure Ag film is non-conductive. The localized surface plasmon 
resonance excitations of these islands lead to an extra optical scattering loss of the thin film 
[30], and its corresponding transmittance spectrum is shown in Figure 2.4. In sharp 
contrast, the 9 nm Al-doped Ag film is very uniform and smooth. The insets in Figure 2.3a 
and b show the atomic force microscope (AFM) images of a 9 nm pure Ag and Al-doped 
Ag films, respectively. The RMS roughness of 9 nm pure Ag film is 10.8 nm. In sharp 
contrast, the Al-doped Ag films has an over one order lower RMS value of 0.86 nm. 
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Indeed, the smooth surface morphology of Al-doped Ag films persists to a large film 
thickness as well. As shown in the insets of Figures 2.3c and d, the Al-doped Ag film has 
a lower roughness than the pure Ag film (1.1 nm vs. 3.6 nm) for a 100nm thick film. This 
is also demonstrated by SEM images taken at a 20 degree tilted angle shown in Figure 2.3c 
and d. The pure Ag film has an orange-peel-like topography and Al-doped Ag film has a 
sand-like one instead.  
 
Figure 2.3: SEM and AFM images of pure Ag and Al-doped Ag film. SEM images of (a) 
9 nm pure Ag film, (b) 9 nm Al-doped Ag film, (c) 100 nm pure Ag film, and (d) 100 nm 
Al-doped Ag film. The insets in each figure are their corresponding tapping mode AFM 
images. All films are deposited on fused silica substrates. The scale bar for AFM images 
in (a) and (b) is 80 nm and the scale bar in (c) and (d) is 30 nm. The scale bar for SEM 
images is 500 nm. The 9 nm pure Ag film has an RMS roughness of 10.8 nm, 12 times 
higher than 9 nm Al-doped Ag film (0.86 nm). The 100 nm pure Ag film has an RMS 
roughness of 3.38 nm and Rmax of 28.3 nm, 3 times as those of 100 nm Al-doped Ag film 





Figure 2.4: Transmission spectrum of a 9 nm (nominal thickness) pure Ag film. The dip 
corresponds to the excitations of localized surface plasmons in this island-like dis-
continuous film. 
 
For the Al-doped Ag films, the one with 6 nm thickness has a slightly higher roughness 
(0.82 nm) than that with 7 nm one (0.78 nm). This is anticipated since 6 nm is a percolation 
threshold for the formation of a continuous thin film. A film at the initial stage could be 
more defective in its morphology as compared to a thicker one, leading to its slightly higher 
roughness. Beyond the 6 nm percolation threshold, the roughness of the Al-doped Ag film 
decreases slightly when approaching 7 nm. Afterwards, the roughness increases gradually 
when the film thickness increases to 9 nm (0.86 nm) and 11 nm (1.00 nm). Detailed AFM 




Figure 2.5: 3D tapping-mode AFM images of Al-doped Ag films (a) 6 nm, (b) 7 nm, (c) 9 
nm, and (d) 11 nm, showing the RMS roughness of 0.815 nm, 0.782 nm, 0.859 nm, and 
1.00 nm, respectively. All films are deposited on fused silica substrates. The scan size is 
500 nm × 500 nm. 
 
2.3 Optical properties of Al-doped Ag films 
Spectroscopic ellipsometry measurement was utilized as a reliable technique to accurately 
determine the thickness of ultra-thin films and their corresponding optical properties. In 
general ellipsometry measurement, there is a correlation between the thickness and the 
optical constants in thin absorbing films, as the reflection and absorption depend on both 
the film thickness and its optical coefficients. To break this correlation and precisely 
determine both the film thickness and its optical constants, “interference enhancement” 
method was used by depositing the metal film on the silicon substrate with a 300 nm 




The measurement procedure is elaborated in Figure 2.6a. In ellipsometer measurement, 
Ψ(λ) and Δ(λ) are measured at three different angles. They are related to the intensity and 
phase change of the S and P polarized light after reflection upon the sample. Afterwards, 
Ψ(λ) and Δ(λ) are used to fit the optical constants (n and k) and the thickness of the film. 
In the case of a thin absorbing film, the fitting is not unique, as the change of reflection 
intensity and phase of the S and P polarized light can come from either the film absorption 
or the film thickness variation. To break such a correlation, a thin transparent layer (SiO2 
in our measurement) is put underneath the absorbing film. It provides extra reflected light 
and thus additional information for the subsequent data fitting. Using this “interference 
enhancement” method, both the film’s optical constants and thickness can be uniquely 
determined. Figure 2.6b shows the normalized fitting error as a function of different Al-
doped Ag thicknesses for a 6 nm film. There is a minimum fitting error at 6 nm, a direct 
evidence of the ultra-thin feature of the Al-doped Ag film. The measured permittivities of 






Figure 2.6: (a) Schematic of ellipsometry measurement procedure using the interference 
enhancement method. (b) Thickness fitting uniqueness of a 6 nm Al-doped Ag film. 
 
2.4 Significantly improved stabilities of Al-doped Ag films 
Pure Ag films are known to have poor stabilities both at room temperature and under 
elevated temperatures. In contrast, Al-doped Ag films are radically less susceptible to de-
wetting and degradation. The upper part of figure 2.7a shows the image of a 15 nm pure 
Ag film and a 7 nm Al-doped Ag film on fused silica substrates right after their deposition, 
where both exhibit uniform and similar appearances. However, pure Ag thin films are not 
stable in air, even at room temperature, and this 15 nm film degrades rapidly (spontaneous 
de-wetting occurs) after being taken out of the deposition chamber for only 30 minutes 
(lower part, figure 2.7a). This is due to the aggregation of Ag atoms, which is shown in its 
SEM picture taken 30 minutes after the sample being taken out of the deposition chamber 




Figure 2.7: Stability of thin pure Ag and Al-doped Ag films at room temperature. (a) 
Upper side: pictures of 15 nm pure Ag and 7 nm Al-doped Ag on fused silica substrates 
right after deposition, where both exhibit clean and similar appearances. Lower side: 
pictures of 15 nm pure Ag and 7 nm Al-doped Ag on fused silica substrates 30 minutes 
after deposition, where the pure Ag film has already degraded. In contrast, Al-doped Ag 
films have good stability in ambient environment. (b) SEM of a 15 nm pure Ag film on 
fused silica substrate 30 minutes after the deposition, and the Ag atoms have aggregated 
to form islands. 
 
In contrast, Al-doped Ag films have a significantly improved stability in air compared with 
pure thin Ag films. Figure 2.8a shows the pictures of a freshly deposited Al-doped Ag film 
on fused silica substrate (left), and another sample which has been 6 months after 
deposition (right). Both films show uniform and similar appearances. Also, the 





Figure 2.8: Long-term stability of Al-doped Ag films. (a) pictures of a freshly deposited 
Al-doped Ag film on fused silica substrate (left), and another sample which has been 6 
months after deposition (right). Both films show uniform and similar appearances. (b) 
Measured permittvities of a fresh sample and a sample deposited 6 months ago, which 
show close values. 
 
The thermal stability of Al-doped Ag is also significantly improved compared to pure Ag. 
Figure 2.9a shows the SEM of a 30 nm pure Ag film after being heated in a nitrogen (N2) 
environment for 3 minutes, and the Ag film has totally de-wetted from the fused silica 
substrate. In contrast, a 7 nm Al-doped Ag film can withstand thermal treatments at 500°C 
in a N2 environment and still maintains its smooth surface morphology. Figure 2.9b shows 
the SEM of a 7 nm Al-doped Ag film which underwent annealing treatment in a N2 
environment at 500 °C for 3 minutes (RMS roughness changes from 0.773 nm to 0.836 nm 





Figure 2.9: Thermal stability of pure Ag and Al-doped Ag films. (a) SEM of a 30 nm 
pure Ag film after being heated in a nitrogen (N2) environment for 3 minutes, and the Ag 
film has totally de-wetted from the substrate. (b) SEM of a 7 nm Al-doped Ag film which 
underwent annealing treatment in a N2 environment at 500 °C for 3 minutes. Al-doped 
Ag film maintains its smooth surface morphology, and its RMS roughness changes from 
0.773 nm to 0.836 nm (AFM image in the inset). 
 
In fact, after the thermal treatment, the optical loss of Al-doped Ag films is further reduced, 
which is due to the removal of defects from films [33]. Figure 2.10 shows the measured 
permittivities of both as-deposited Al-doped Ag, and Al-doped Ag that undergoes 
annealing treatment at 500 °C in a nitrogen (N2) environment for 3 minutes. Compared to 
the permittivity values of as-deposited Al-doped Ag, the real part of permittivity of 
annealed Al-doped Ag is similar, while the imaginary part of permittivity (which is 
proportional to the optical loss) is significantly reduced. Furthermore, such improvement 
of the Al-doped Ag films can be observed for annealing cycles even as short as 10 seconds, 





Figure 2.10: Measured real and imaginary parts of permittivity of as-deposited Al-doped 
Ag films and films underwent annealing treatment (500 °C for 10 s in N2). Annealing 
treatment doesn’t affect too much the real part of permittivity, but significantly reduces 
its imaginary part (lower down the optical loss). 
 
Finally, the adhesion of Ag films to many widely used substrates has been improved. Since 
pure Ag is easily removed by ultrasound sonication or even Scotch tape, it requires 
adhesion layers to improve adhesion, which unfortunately degrade the device’s optical 
performance [25-27]. Al-doped Ag has a sufficient adhesion with substrates to enable film 
processing in ultrasonic baths with many commonly used chemicals and solvents (e.g., 
resists, acetone, and isopropyl alcohol, etc). This is a crucial property that profoundly 
simplifies the fabrication of many nanophotonics devices that require either planar or 




2.5 Mechanism of ultra-thin Ag film formation 
The amount of Al incorporation is less than 10% in terms of the atomic concentration in 
Al-doped Ag films under the “0.9 nm/s Ag and 0.06 nm/s Al” combination, which is 
evidenced by the X-ray photoelectron spectroscopy (XPS) in figure 2.11. Ag and Al have 
almost identical atomic radius (1.44 Å for Ag and 1.43 Å for Al) and same crystalline 
structure (face centered cubic). Therefore, adding a small percentage of Al atoms into Ag 
film does not affect the electrical and optical properties of the film much. The film property 
should be similar to pure Ag film property but with the advantages of being ultra-thin and 
smooth. 















Figure 2.11: XPS spectrum of the Al-doped Ag film recorded by survey scanning. The 
atomic concentration of Al (less than 10%) was determined from the peak areas of Al2p 




The smooth surface morphology and lower percolation threshold of Al-doped Ag films 
indicate that a small amount of Al may strongly influence the nucleation and subsequent 
growth of Ag films on the substrate [34]. In order to investigate the effect of Al-doping on 
the nuclei density of Ag films, the surface morphology of pure Ag and Al-doped Ag films 
with a nominal thickness of 3 nm was measured by AFM. Figures 2.12a and b show that 
Al-doping results in smaller and denser particle clusters than those in pure Ag films. This 
reveals that Al-doping increases the nuclei density of Ag films.  
 
The nuclei density and particle size of metal films are related to the diffusion rates of the 
metal atoms on the dielectric surface [35]. The metals with a smaller diffusion rate on the 
surface exhibit a higher nuclei density and smaller particle size. The diffusion rate of metal 
atoms on oxide substrates generally decreases with the increase of metal-oxygen bond 
strength [35, 36]. The bond strength of Al-O bonds is much larger than that of Ag-O bonds 
[37]. As a result, the average diffusion distance of Al atoms on the surface of SiO2 is 
smaller than that of Ag atoms, and therefore, Al atoms are easier to be immobilized on the 
surface of fused silica substrates than Ag. Consequently, Al-doping results in an enhanced 
density of heterogeneous nucleation sites, thus leading to a larger nuclei density, a smaller 




Figure 2.12: The 2D AFM images of (a) 3 nm pure Ag films and (b) 3 nm Al-doped Ag 
films. Al-doping results in smaller and denser particle clusters on the substrate than those 
in the pure Ag films. 
 
2.6 Alternative ultra-thin, smooth and low-loss doped Ag films 
As discussed earlier, ultra-thin and high-quality Ag films can be obtained by adding a small 
amount of Al during the Ag deposition. Al suppresses Ag atom’s 3D growth mode and 
promotes a thin and smooth film formation. An ultra-thin and smooth Ag film is achieved 
with a thickness down to 6 nm as well as a sub-nm roughness. Also, the film has a 
significantly improved stability compared to pure Ag film. Subsequently, a natural question 
to ask will be: would other doping elements work as well to promote a thin Ag film 
formation, and how the properties of these films will be? A systematic study of doped Ag 
films with different doping elements will not only provide alternative thin doped Ag films 




In this study, three different doping elements were investigated: Titanium (Ti), Chromium 
(Cr), and Copper (Cu). These materials were chosen based on their compatibility with the 
existing sputtering system, as well as their low cost and easy availability to the research 
community. During the experiment, the sputter power of Ag was kept at a constant value 
(230 w), and the power of the doping metal was adjusted in order to obtain co-sputtered 
thin film with different compositions. Spectroscopic ellipsometry was employed to 
determine the sputtering powers for depositing films with the optimized optical properties. 
Afterwards, the doped Ag film’s surface morphology, conductivity, and structural 
properties were characterized. 
 
Figure 2.13 shows the measured permittivities of the three kinds of doped Ag films with 
lower, optimized, and higher doping concentrations. During the experiment, the sputter 
power of the Ag target was kept at 230 w, while the power of the doping metal target was 
varied in order to deposit thin (~ 8 nm) doped Ag films with different compositions. For a 
thin Ag film with a lower doping, the film is less metallic (with a smaller 𝜀1). Also, the 
film’s permittivity deviates from the trend of the Drude model, with a higher 𝜀2 over the 
visible and NIR range. It is known that pure Ag cannot form a high-quality thin film due 
to the 3D growth mode of the Ag atoms. The doping atoms provide nucleation sites to 
immobilize the Ag atoms on the substrate and therefore, reduce the percolation threshold 
of Ag films. However, with a non-sufficient doping concentration, the 3D growth mode of 
Ag atoms cannot be effectively suppressed and the resultant films have defects. This leads 
to a higher loss of the doped Ag films. For Ag films with both optimized and higher doping 
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concentrations, the films show good metallic behavior, and the permittiviies are correspond 
well with the Drude model. However, for Ag films with higher doping concentrations, the 
loss is higher. Although the doping atoms will promote a thin Ag film formation, a too high 
concentration of these atoms will also introduce additional loss into the resultant film. 
 
Figure 2.13: Permittivities of different doped Ag films with lower, optimized, and higher 
sputter powers of the doping metals. (a) Ti-doped Ag; figure. (b) Cr-doped Ag. (c) Cu-
doped Ag. The sputter power of Ag is kept at 230 w in all cases. 
 
Similar to Al-doped Ag films, Ti/Cr/Cu-doped Ag films also have smooth surface 
morphologies. Figure 2.14 shows the SEM pictures of ~ 8 nm doped Ag films with the 
optimized doping concentrations. All films have a sub-nm roughness, confirmed by AFM 
measurement. The film’s conductivity was characterized by four point probe measurement. 
For a ~ 8 nm film, the sheet resistances of Ti-doped Ag, Cr-doped Ag, and Cu-doped Ag 




Figure 2.14: SEM pictures of ~8 nm (a) Al-doped Ag film; (b) Ti-doped Ag film; (c) Cr-
doped Ag film; (d) Cu-doped Ag film.  All films are deposited on fused silica substrate. 
 
The film’s structural composition was characterized by the X-ray diffraction analysis 
(XRD). In order to get scans with a good signal to noise ratio (SNR), samples with a 50 
nm thickness were used. All samples show similar structural compositions compared to 
pure Ag films (figure 2.15). Since the doping element’s concentration is low, the doped Ag 





Figure 2.15: XRD scans of a (a) 50 nm pure Ag film; (b) 50 nm Cr-doped Ag film; (c) 50 
nm Cu-doped Ag film. All films are deposited on amorphous fused silica substrate, and 
they have similar diffraction peak positions. 
 
2.7 Conclusions 
This chapter presents an ultra-thin, smooth, and low-loss Al-doped Ag film. Al doping 
increases the nucleation sites on the substrates and suppresses the Vomer-Webber growth 
(3D growth) mode of Ag atoms. Consequently, ultra-thin, smooth, and low-loss Ag films 
can be obtained. Compared to pure Ag, Al-doped Ag has a significantly improved long-
term and thermal stability, as well as good adhesion to various substrates. Several 
techniques (spectroscopic ellipsometry, SEM, AFM, TEM, and XPS) have been utilized to 
characterize the optical and structural properties of Al-doped Ag films. In the end, 
preliminary studies of alternative doped Ag films are also discussed. These films include 
Ti-doped Ag, Cr-doped Ag, and Cu-doped Ag. Their optical, structural, and electrical 






Organic Solar Cells Using Al-doped Ag Films as Transparent 
Conductors 
3.1 Introduction 
Optically transparent conductors are required for most optoelectronic devices. Currently, 
one of the most commonly used transparent conductors is indium tin oxide (ITO); 
However, it suffers from issues, such as poor mechanical flexibility, insufficient 
conductance for large-area devices, and rising cost due to the limited Indium supplies on 
the planet as well as the roaring displays and related electronics market [38]. To meet these 
challenges, many alternative transparent electrodes have been developed, including 
graphene [39-41], carbon nanotubes [42], highly conductive polymer [43-45], patterned 
metal grid [46, 47], as well as metal nanostructures and nanowires [48-54]. Carbon-based 
materials improve the mechanical flexibility of electrodes; however, the low conductivity 
largely limits their electronic performance [55]. Transparent metal mesh structures and 
nanowire networks require complex patterning or synthesis. Moreover, both platforms only 
provide global conductivity but are totally non-conductive between the wires, which limits 
these nanostructures’ applications as transparent electrodes for light-emitting diodes 
(LEDs) and photovoltaics (PVs) unless an additional conducting layer is added [56, 57]. 
Many practical applications, including large-area flexible organic photovoltaics (OPVs), 
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still call for easy-to-fabricate and high-performance transparent conductors. A thin and 
continuous metal film by a simple deposition method is an ideal solution, and can be 
integrated into semi-transparent smart windows [58, 59] and tandem structures [60, 61].  
 
Considering the application as transparent electrodes, thin Ag films should be semi-
transparent and with good conductivity. However, Ag follows the 3D growth mode: during 
deposition, Ag atoms first agglomerate into isolated islands, and as the deposition 
continues, these islands finally connect to each other and form a continuous film. On one 
hand, a certain threshold of thickness (usually beyond 10 nm) is required to get a 
continuous and conductive Ag film. Though the conductivity is satisfied by a thicker film, 
the transparency is inevitably compromised. On the other hand, the roughness of a 
continuous Ag film is large (e.g., a root-mean-square (RMS) roughness of 6 nm for a 15 
nm Ag film), which results in an additional light scattering loss. Moreover, since most 
OSCs and OLEDs are only few hundred nm thick, a rough surface could easily result in 
electrical shorts between electrodes, especially for large-area devices. 
 
3.2 Optical and electrical characterizations of Al-doped Ag films 
The ultra-thin and smooth Al-doped Ag film satisfies the requirements of a desirable 
transparent electrode by its simple fabrication process, close-to-flat transmission spectrum, 
easy device integration, and robustness. It is worth highlighting that the surface roughness 
of electrodes is detrimental for the reliability of organic optoelectronic devices, which 
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originates from irregularities of the electrode itself or tiny particles adsorbed on top of its 
surface [62, 63]. Since the whole device thickness is only on the order of hundred 
nanometers, a rough surface could easily result in electrical shorts between the electrodes, 
especially for large-area devices. The devices with rough electrodes are prone to obtain 
low efficiencies due to the current shunt paths which produce higher dark currents [51]. 
The naturally smooth Al-doped Ag film is of significance to provide a simple solution to 
overcome this problem. 
 
The ultra-thin Al-doped Ag film has a high transparency while remaining a good electrical 
conductivity. Transmittances of Al-doped Ag films with different thicknesses are plotted 
in figure 3.1a. Although the 6 nm Al-doped Ag film is thinner, its transmittance is lower. 
This corresponds to the fact that 6 nm is the percolation threshold for a continuous film 
formation, and there are more defects in the film at this stage. To demonstrate this, the 
imaginary parts of permittivities (𝜀2) of films with different thicknesses are plotted in the 
inset of figure 3.1a, and 𝜀2 of a 6 nm film is higher than those of others. The transmittance 
of a 7 nm film is greater than 80% up to around 500 nm, and drops towards the longer 
wavelength. This behavior is typical of a continuous metal film, where there is an increased 
reflection from the film towards longer wavelengths. It is worthwhile to note that the 
increased reflection from the thin metal electrode, together with the high reflection from 
the top thick anode in the OPV devices, can be advantageously utilized to form a Fabry-
Perot (FP) optical cavity to improve the optical absorption by the thin organic active layer. 
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This strategy can benefit the power conversion efficiencies (PCEs) of OPVs, which will be 
discussed in detail later.  
 
A 45 nm ZnO layer is spin-coated on the Al-doped Ag film to work as an electron 
transporting and hole blocking layer. Consequently, the overall transmittance is further 
increased to above 80% from 400 to 800 nm in the case of a 7 nm film, exhibiting a 
transmittance of 92% at 550 nm, as shown in Figure 3.1b. This can be explained that the 
ZnO film works as an anti-reflection layer (Figure 3.2a). The ZnO coated Al-doped Ag 
films of different thicknesses are also compared to other reported transparent conductors 
in terms of transmittance at 550 nm versus sheet resistance (Figure 3.2b), where they show 
a similar or superior performance. Since the ZnO layer thickness needs to meet other 
requirements for the OPV device operation, no further optimization of the ZnO layer 






Figure 3.1: Transmittance spectra of (a) Al-doped Ag films and (b) Al-doped Ag/ZnO 
films with different thickness (6, 7, 9, and 11 nm), in which ITO and ITO/ZnO films are 
shown as well. Photos of (c) ITO/ZnO and (d) 7 nm Al-doped Ag/ZnO transparent 
conductors in front of a colored logo. The inset of in (a) compares the dependence of the 
imaginary part of the complex dielectric function on the wavelength for Al-doped Ag 
films with different thickness (6, 7, 9, and 11 nm). (e) Sheet resistance versus the Al-
doped Ag film thickness (black: Al-doped Ag film; red: Al-doped Ag/ZnO film; blue: Al-







Figure 3.2: (a) Reflection spectra of Al-doped Ag films and Al-doped Ag/ZnO films with 
different thicknesses (6, 7, 9, and 11 nm). Adding the ZnO layer further suppresses the 
reflection. (b) Comparison of optical transmittance (at 550 nm) versus sheet resistance for 
our work Al-doped Ag/ZnO and other reported works: CNT [55] , Graphene [64], 
ITO/Ag/ITO [65], MoO3/Ag/MoO3 [7], nickel thin films [66],  silver nanowires (AgNW) 
[67], ZnO/AgNW/ZnO [68], PEDOT:PSS [44]. Note that all selected data are based on 
their applications in optoelectronic devices. 
 
The sheet resistances of Al-doped Ag (Al-doped Ag/ZnO) films with different Ag 
thicknesses of 6, 7, 9, and 11 nm are 70 (30), 28 (23.4), 19 (14.2), and 15.3 (11.5) Ω sq-1, 
respectively (Figure 3.1e). The Ag film conductivity improves as its thickness increases 
[69, 70]. Notably, there is a significant drop in the film sheet resistance from 6 nm to 7 nm, 
which further supports that 6 nm is the percolation threshold. The conductivity of the film 
is further improved after the ZnO coating, which is partially attributed to the baking 
treatment for converting the ZnO sol gel to a ZnO crystalline film. To prove this, post-
annealing treatment to Al-doped Ag films was carried out in a nitrogen (N2) environment 
at 150 °C for 15 minutes (the same temperature and time as that for baking the ZnO sol gel 
film) and the drop in sheet resistance was observed (Figure 3.1e). The reason for the 
improved conductivity can be explained that the defects and scattering sites in the thin 
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films which affect the free electron motion can be reduced by an annealing treatment [71, 
72].  
3.3 Organic Solar cells with Al-doped Ag films as transparent 
conductors 
Al-doped Ag films with different thicknesses have been deposited for evaluating their 
feasibility as transparent electrodes in OPVs, and their performance are compared to those 
of OPVs made on ITO electrodes with other layers being identical. The device geometry 
using ITO and ultra-thin Al-doped Ag electrodes is shown in Figure 3.3. 
 
Figure 3.3: The solar cell geometry using either an ITO or ultra-thin Al-doped Ag 
electrode. 
 
Control devices were fabricated on ITO coated glass substrates with a sheet resistance of 
12 Ω sq-1. The substrates were cleaned in an ultrasonic bath with acetone and isopropyl 
alcohol for 10 minutes. The ITO surface was cleaned by an oxygen plasma for 100 s. It is 
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worth mentioning that the Al-doped Ag film does not require any surface treatment for 
making OPV devices [73]. The ultra-thin Al-doped Ag film and ITO coated substrates were 
transferred into a glove box filled with N2 for the ZnO coating. The ZnO sol gel solution 
was prepared as reported [74] and was spin-coated on top of ITO and Al-doped Ag films, 
followed by baking at 70 °C for 5 minutes. Then the ZnO sol gel coated substrates were 
taken out of the glove box and baked at 150 °C for 15 minutes in air. Consequently, a 45 
nm ZnO layer was formed. Afterwards, the substrates were transferred into the glove box 
again for the polymer active layer deposition. A blend solution made of poly[4,8-bis-(2-
ethylhexyloxy)-benzo[1,2b:4,5b0]dithiophene-2,6-diyl-alt-4-(2-ethylhexyloxy)-thieno-
[3,4b]thiophene-2,6-diyl] (PBDTTT-C-T) (Solarmer) and [6,6]-phenyl C71-butyric acid 
methyl ester (PC70BM) (American Dye Sources Inc.) with a weight ratio of 1:1.5 in 
chlorobenzene (25 mg mL-1) with 3 vol% 1,8-diiodooctane (DIO, Sigma-Aldrich) was 
spin-coated onto the ITO and Al-doped Ag substrates to form an active layer (~90 nm). 
This blend organic active layer exhibits a broad and strong light absorption from 350 to 
750 nm as shown in Figure 3.5b. Subsequently, MoO3 (6 nm) and Ag (100 nm) were 
evaporated (1×10−6 mbar) (Kurt J. Lesker). The final cells have an isolated electrode with 
a diameter of 1 mm.  
 
The current density-voltage (J-V) characteristics were measured using a Keithley 2400 
system while the solar cells were illuminated by AM 1.5 G simulated sunlight generated 
by an Oriel Solar Simulator with an irradiation intensity of 100 mW/cm2. The incident 
power intensity at one sun was calibrated using a Silicon reference cell. The devices were 
38 
 
measured in the atmosphere without any encapsulation. The EQE measurement was 
performed in a nitrogen glove box and the EQE spectra were obtained using light from a 
200 Hz-chopped, monochromated Xenon-lamp, which was calibrated against a silicon 
solar cell. 
 
Figure 3.4a shows the comparison of the J-V characteristics of the devices whose electrode 
is either ITO or ultra-thin Al-doped Ag films of different thicknesses. The summary of 
their main photovoltaic parameters is tabulated in Table 3.1. ITO based device has a PCE 
of 6.87% with a short-circuit current density (Jsc) = 14.00 mA cm
-2, open-circuit voltage 
(Voc) = 0.80 V, and fill factor (FF) = 61.3%. Devices built upon Al-doped Ag films with 
various thicknesses produce similar or better efficiencies than those made on ITO 
electrodes. Note that the OPV device fabricated on a 6 nm Al-doped Ag film has a similar 
performance to the ITO-based device. With the decrease of film thickness from 11 nm to 
7 nm, Jsc and FF increase, producing a maximal PCE of 7.44% at 7 nm. However, further 
reducing of Al-doped Ag thickness to 6 nm lowers the Jsc and decreases PCE to 6.72%. 
The identical Voc’s of 0.8 V obtained here imply that favorable Ohmic contacts are formed 
at both anode and cathode electrodes for both ITO and Al-doped Ag films with the aid of 
interfacial metal oxide layers, i.e., MoO3 [74, 75] and ZnO [74]. In this case, the Voc is 
essentially determined by the difference between the highest occupied molecular orbital 
(HOMO) of PBDTTT-C-T and the lowest unoccupied molecular orbital (LUMO) of 
PC70BM [76]. Meanwhile, the FFs of ITO and Al-doped Ag based devices are comparable 
due to the good contacts of ITO or Al-doped Ag with the ZnO layer, resulting in similar 
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series resistances shown in Table 3.1. Therefore, it can be concluded that the increase in 
the PCEs of the Al-doped Ag based devices primarily originates from the enhancement of 
Jsc. 
 
Figure 3.4: (a) J-V characteristics of ITO based and ultra-thin Al-doped Ag based OPVs. 
(b) EQEs of ITO based and ultra-thin Al-doped Ag based OPVs. 
 
Table 3.1: Summary of the main photovoltaic parameters of the devices with ITO and Al-
doped Ag films with different thicknesses as electrode. 
 JSC  











ITO  14.00  0.80 61.3 6.87  4.0 462.9 
Al-doped Ag=11nm  14.03 0.80 62.0 6.95 3.9  460.0 
Al-doped Ag=  9nm  14.70 0.80 62.5 7.35 3.3  498.2  
Al-doped Ag=  7nm  14.76 0.80 63.0 7.44 3.0  512.5 
Al-doped Ag=  6nm  13.71 0.80 61.3 6.72 3.4  368.0 
 
 
Figure 3.4b shows the external quantum efficiencies (EQEs) of the devices with ITO and 
ultra-thin Al-doped Ag films with different thicknesses. This spectral response reflects the 
device’s capability of converting photons to electrons at certain wavelengths, where the Jsc 
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can be obtained from the integral of the product of the measured EQE and incident light 
spectrum from the solar simulator. The spectral response of Al-doped Ag based device is 
different from that of ITO based device, where the former exhibits a significant 
enhancement in the long wavelength range, while the ITO based device has a fairly flat 
response. 
 
In order to understand the origin of the photocurrent enhancement, the EQE and total 
absorption efficiency (TAE = 1-R, where R is the measured reflection from the device) are 
plotted and compared in Figure 3.5a, as well as relative TAE and EQE enhancement (ratio 
of 7 nm doped-Ag based device over ITO based device) in Figure 3.5b. The 7 nm Al-doped 
Ag based device shows a reduced EQE in the range from 370 to 580 nm due to a lower 
transparency of the doped Ag film than that of ITO. However, the EQE enhancement from 
580 to 870 nm is evident, which contributes to a large increase in the photocurrent. 
Quantitatively, for the 7 nm Al-doped Ag based device, the reduction in Jsc due to the 
decrease of EQE in the range of 370-580 nm is estimated to be 0.6 mA cm-2, while the 
enhancement in Jsc contributed by the increase of EQE in the range of 580-870 nm is 
estimated to be 1.4 mA cm-2 because of the high photon density of AM1.5G solar light in 
this range. A total enhanced Jsc of 0.8 mA cm
-2 is in good agreement with the J-V 
characteristics.  
 
To further investigate the origin of the EQE enhancement in the Al-doped Ag based 
devices, the optical field intensity (|E|2) distribution versus position and wavelength for the 
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ITO and 7 nm Al-doped Ag based devices is simulated (figures 3.5c and d), since light 
absorption and photocurrent generation in the active layer is strongly correlated with 
optical field intensity inside this layer. This simulation is based on the 1D transfer matrix 
method [77]. The incident light is launched normally into the glass substrate side and the 
field intensity |E|2 inside the solar cell is average over p and s polarizations and normalized 
to the incoming field intensity. For the 7 nm Al-doped Ag based device, a resonant cavity 
is formed in the active layer between the reflective top Ag anode and the semi-transparent 
Al-doped Ag cathode, exhibiting a spectrum peak located close to the absorption edge of 
PBDTTT-C-T:PC70BM (in the range from 750 to 850 nm). Such a cavity effect and the 
resultant increase in the optical field intensity will lead to a more efficient light harvesting 
as the active material layer itself has a low absorption in this region. Even though the 
benefit of this resonance effect is reduced by the lower EQE at wavelengths below 550 nm, 
the higher photon flux at the longer wavelength range (600-800 nm) over-compensates the 





Figure 3.5: (a) TAEs and EQEs of ITO and 7 nm Al-doped Ag based devices. (b) EQE 
and TAE enhancements of 7 nm Al-doped Ag based devices over ITO based ones, as 
well as the normalized absorption spectrum of the PBDTTT-C-T:PC70BM active layer 
and normalized photon density of the AM1.5G solar light. Simulation of the optical field 
intensity (|E|2) distribution versus position and wavelength in (c) an ITO based device and 
(d) a 7 nm Al-doped Ag based device, where the enhanced optical field in the active layer 
around 800 nm is responsible for the measured EQE enhancement at the same 
wavelength range shown in figure 3.5b. 
 
Finally, the ultra-thin film deposited on a flexible PET film shows excellent mechanical 
stability as compared to ITO on PET. The ITO based device degraded very fast with an 
increased bending time and stopped operating after 40 times of bending (Figure 3.6a). On 
the contrary, the 7 nm Al-doped Ag based device has a much more stable performance 
even after 120 times of bending, showing no obvious performance degradation. The film 
sheet resistance increased by only 10% after 1000 times of bending (Figure 3.6b).  
43 
 
The robustness of Al-doped Ag film against time is another unique and important feature. 
The sputtered films were simply kept at atmosphere without any protection layer, and no 
obvious change in color and transparency was observed even after more than 1 month. 
Long-time stability of electrode is crucial in practical applications of organic electronics. 
Figure 3.7 shows the dependence of the PCEs of the Al-doped Ag based devices on the 
storage time. The result indicates that devices with the Al-doped Ag films as electrodes 
have a stable performance with time. 
 
 
Figure 3.6: (a) Bendability test of the devices with PET/ITO and PET/Al-doped Ag as 
electrodes. (b) Sheet resistance of Al-doped Ag film versus bending times. The inset 





Figure 3.7: Dependence of the PCE of the device with an Al-doped Ag film as the 
electrode on the storage time. 
 
3.4 Conclusions 
This chapter presents Al-doped Ag film’s application in OPVs as transparent electrodes, 
producing performance-enhanced devices compared to ITO-based ones. The PCE of the 7 
nm Al-doped Ag based device is 7.44%, while that of the ITO based device is 6.87%. Such 
an improvement mainly originates from the photocurrent enhancement by the strong 
resonant light trapping effect in the polymer active layer at its absorption spectrum edge, 
as well as the high photon density of the solar spectrum in this range. The Al-doped Ag 
electrode shows excellent flexibility and stability compared with its ITO counterpart. This 
study has demonstrated that Al-doped Ag film is a promising and effective alternative to 
current transparent conducting electrodes by its simple deposition process, close-to-flat and 





Organic Solar Cells Using Al-doped Ag Films as Transparent 
Conductors: Improved Designs 
4.1 Introduction 
The ultra-thin, smooth, and low-loss Al-doped Ag films work well as semi-transparent 
conductors for organic solar cells. Devices with Al-doped Ag electrodes show better power 
conversion efficiencies than those with ITO electrodes. This is due to the fact that the 
reflection from a thin metal film increases towards longer wavelengths. Such an increased 
reflection, together with the high reflection from the top thick anode in the OPV devices, 
can be advantageously utilized to form a Fabry-Perot optical cavity to improve the optical 
absorption by the thin organic active layer in the long wavelength regime (resonant light 
harvesting). This strategy enhances the power conversion efficiencies (PCEs) of OPVs. 
 
However, the EQE of the Al-doped Ag based device is reduced at the short wavelength 
range compared to that of the ITO based device, as shown in figure 3.5a. The enhanced 
EQE at the longer wavelength range compensate for the reduced EQE at the shorter 
wavelength part, and leads to larger PCEs of Al-doped Ag based devices. Therefore, a 
natural question to ask will be: Is there a better way to utilize such a resonant light 
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harvesting effect in OPVs? To answer this question, improved designs of Al-doped Ag 
based transparent conductors will be investigated in this chapter. 
4.2 Ultra-thin Al-doped Ag films with Ta2O5 wetting layers 
A 6 nm thick, wetting-layer-free Al-doped Ag film can be deposited on various substrates. 
Here, it will be shown that a conductive and transparent Ag based film as thin as 4 nm can 
be achieved by adding a wetting layer (Ta2O5) underneath the Al-doped Ag. Dielectric 
materials, such as MoOx [6] and TeO2 [78], are known to promote a continuous Ag film 
formation. Extending this approach, Ta2O5 is employed in this work as a wetting layer to 
further reduce the percolation threshold of Al-doped Ag films. Compared to a 6 nm Al-
doped Ag film directly deposited on fused silica substrates, the insertion of Ta2O5 layer 
allows a continuous film formation down to 4 nm. Figures 4.1a and b show the SEM images 
of a 4 nm and 5 nm Al-doped Ag film on a 10 nm Ta2O5 layer. The film is continuous and 
has a uniform morphology, which is also confirmed by the AFM images in Figure 4.1d (for 
a 4 nm film). The RMS roughness values of the 4 nm and 5 nm Al-doped Ag films on 
Ta2O5 are 0.76 nm and 0.72 nm, respectively (Figure 5.2). In sharp contrast, a 7 nm pure 





Figure 4.1: SEM images of (a) Ta2O5/Al-doped Ag (4 nm), (b) Ta2O5/Al-doped Ag (5 
nm), (c) Ta2O5/pure Ag (7 nm), and (d) AFM image of Ta2O5/Al-doped Ag (4 nm) with 





Figure 4.2: Tapping mode AFM images of (a) Ta2O5/Al-doped Ag (4 nm), (b) Ta2O5/Al-
doped Ag (5 nm), (c) Ta2O5/Al-doped Ag (6 nm), and (d) Ta2O5/Al-doped Ag (7 nm), 
which all exhibit RMS roughness values less than 1 nm. 
 
Figure 4.3a shows the transmittance spectrum of Ta2O5 (10 nm)/Al-doped Ag films with 
different Al-doped Ag layer thicknesses varying from 4 to 7 nm. Films with less than 7 nm 
Al-doped Ag exhibit a flat and averaged 75% transmission in the entire range. It is 
worthwhile to note that the 7 nm film has a higher transmission than thinner films. This is 
because thinner films have more defects at an early stage of continuous film formation and 
thereby, a higher optical loss. For the application of such ultrathin films as electrodes in 
OSCs, a 40 nm ZnO film as the electron transport layer (ETL) is spin-coated onto the Ta2O5 
(10 nm)/Al-doped Ag films. Adding a ZnO layer further increases the transmittance of such 
electrodes over 80% in the entire spectrum, especially for the 7 nm Al-doped Ag whose 
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transmission is promoted to 93% at 550 nm (Fig. 4.3b). This can be explained that the ZnO 
layer acts as an anti-reflection coating. The sheet resistances of Ta2O5 (10 nm)/Al-doped 
Ag (4, 5, 6, and 7 nm) are 46.8, 33.8, 30.1, and 23.1 Ω/sq, respectively, which are suitable 
for applications in OSCs.  
 
 
Figure 4.3: Transmission spectra of (a) Ta2O5/Al-doped Ag (4, 5, 6, and 7 nm), (b) 
Ta2O5/Al-doped Ag (4, 5, 6, and 7 nm)/ZnO (40 nm). All films are deposited on fused 
silica substrates. 
 
An ultra-thin Ag film down to 4 nm is already applicable in making high-performance solar 
cells. Figure 4.4a shows the J-V characteristic of the device with Ta2O5/Al-doped Ag (4 
nm) as the electrode and poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-
b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexanoyl)-thieno[3,4-b]thiophene-)-2-6-diyl)] 
(PBDTTT-C-T):[6,6]-phenyl C71-butyric acid methyl ester (PC70BM) as the photoactive 
layer. The device geometry is shown in Figure 4.5d. The device with a 4 nm Al-doped Ag 
has a PCE of 7.11% with a short-circuit current density (Jsc) = 14.3 mA/cm
2, open-circuit 
voltage (Voc) = 0.79 V, and fill factor (FF) = 62.9%. Its corresponding EQE spectrum is 
shown in Figure 4.4b, exhibiting a broad spectral response with a peak EQE of 62% at 655 
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nm. To the best of the author’s knowledge, it is the thinnest Ag layer as electrode in 
efficient OSCs. This result indicates that a 4 nm Al-doped Ag film is continuous and 
conductive to produce identical Voc to the ITO control device and also a reasonable FF. 
 
 
Figure 4.4: (a) J-V characteristic and (b) EQE spectrum of solar cells based on electrodes 
with Ta2O5/Al-doped Ag (4 nm). 
 
4.3 Resonant light harvesting with Ta2O5/Al-doped Ag electrodes  
Next, it will be demonstrated that the PCE of an OSC device can be optimized through 
resonant light harvesting by adjusting the thickness of the Ta2O5 layer. Although PCE is 
highly correlated to light absorption in the active layer, increasing its thickness is a 
straightforward way to increase the light absorption, but not always an efficient approach 
to boost PCE. This is due to the short exciton diffusion length and low carrier mobility in 
organic semiconductors, which result in high recombination rates of photo-generated 
charge carriers during their transport towards the electrodes. The above physical limitations 
indicate that a relatively thin photoactive layer is desired, as long as the light absorption 
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efficiency is not compromised at the same time [79-82]. To achieve this goal, light trapping 
plays an important role in obtaining a strong light absorption without relying on increasing 
the thickness of the photoactive layer. By choosing a proper thickness of the Ta2O5 layer, 
an optical field resonance is formed between top and bottom electrodes, which contributes 
to the enhanced light field inside the active layer.  
 
The transmittance spectra of Ta2O5/Al-doped Ag (7 nm) with varying Ta2O5 thicknesses 
are shown in Figure 4.5a. It can be seen that the transmittance peak shifts towards the 
longer wavelength with the increase of Ta2O5 thickness from 5 to 30 nm. Beyond the peak, 
the transmittance gradually decreases with wavelength due to the increase of reflection 
from the Al-doped Ag film in the near infrared (NIR) range, as is true for good metals. 
Coating a ZnO layer on top of the Al-doped Ag further increases its transmittance, as shown 
in Figure 4.5b. The transmittance becomes higher and flatter in the range of 400-800 nm. 
For example, the maximum transmittance is 96% at 550 nm for a Ta2O5 (15 nm)/Al-doped 
Ag (7 nm)/ZnO (40 nm) film. Figure 4.5c shows the comparison of optical transmittance 
(at 550 nm) versus sheet resistance of this work (Ta2O5/Al-doped Ag/ZnO) to other 
reported works based on thin Ag planar films or nanostructures, where this work shows a 





Figure 4.5: Transmission spectra of (a) Ta2O5 (x nm)/Al-doped Ag (7 nm) and (b) Ta2O5 
(x nm)/Al-doped Ag (7 nm)/ZnO (40 nm) with varying thickness of the Ta2O5 layer. (c) 
Comparison of optical transmittance (at 550 nm) versus sheet resistance of Ta2O5/Al-
doped Ag/ZnO electrode with other reported results based on Ag planar 
films/nanostructures: ITO/Ag/ITO [65], MoOx/Ag/MoOx [7], TeO2/Ag [78], Au/Ag [83], 
ZnO/AgNW/ZnO [68], Al-doped Ag/ZnO [84], in which all selected data are based on 
their applications in optoelectronic devices. (d) Schematic of the OSC devices with 
Ta2O5/Al-doped Ag as the electrode. 
 
To evaluate the effect of Ta2O5/Al-doped Ag electrode on the resonant light harvesting, 
solar cells using PBDTTT-C-T:PC70BM were built up on such electrodes. As a 
comparison, ITO is used as the electrode in the control device. Figure 4.5d shows the device 
geometry using either ITO or Ta2O5/Al-doped Ag electrodes. A 40 nm ZnO layer was first 
coated on all electrodes as ETL, and a 70 nm PBDTTT-C-T:PC70BM layer was spin-
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coated subsequently with the same solution concentration and spinning speed. Finally, the 
top electrode was finished with 10 nm MoOx and 100 nm Ag. 
 
Figure 4.6a shows the comparison of the J-V characteristics of devices whose electrodes 
are either ITO or Ta2O5/Al-doped Ag (7 nm) with a varying thickness of the Ta2O5 layer. 
Their main photovoltaic parameters are tabulated in Table 4.1. The ITO-based device has 
a PCE of 8.22% with a Jsc = 15.54 mA cm
-2, Voc = 0.79 V, and FF = 66.9%. Device built 
on Ta2O5 (15 nm)/Al-doped Ag (7 nm) has a PCE of 8.57% with a Jsc = 16.92 mA cm
-2, 
Voc = 0.79 V, and FF = 64.1%. All devices have identical Voc, indicating that no voltage 
loss occurs at either the anode or the cathode electrodes for both ITO and Ta2O5/Al-doped 
Ag (7 nm) with the help of interfacial layers: MoOx and ZnO. Meanwhile, since Ta2O5 
layer is the outmost layer of the entire device and only works as an optical spacer rather 
than a charge transport layer, changing its thickness would not affect the electrical 
performance of the devices. The FFs of ITO and Ta2O5/Al-doped Ag (7 nm) based devices 
are comparable, due to good contacts of ITO and Ta2O5/Al-doped Ag (7 nm) with the ZnO 
layer. Therefore, the increased PCE of Ta2O5/Al-doped Ag based devices primarily results 
from the enhancement of Jsc. 
 
Figure 4.6b shows the external quantum efficiencies (EQEs) of the devices with ITO and 
Ta2O5/Al-doped Ag (7 nm) with varying thicknesses of the Ta2O5 layer. Their spectral 
responses reflect the capability of converting photons to electrons at a certain wavelength. 
For instance, the EQE-integrated Jsc for the ITO based device is 14.8 mA/cm
2, while that 
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for Ta2O5 (15 nm)/Al-doped Ag (7 nm) based device is 15.8 mA/cm
2. The spectral response 
of Ta2O5/Al-doped Ag (7 nm) based devices is different from that of ITO based devices, 
where the former exhibits a significant enhancement in certain wavelength ranges over the 
ITO based devices. Specifically, the EQE enhancements for selected thicknesses of the 
Ta2O5 layer (5, 15, 20, 25, 30, and 50 nm) are shown in Figure 4.6c. For all cases excluding 
the 50 nm Ta2O5-based device, Ta2O5/Al-doped Ag (7 nm) based devices have two 
enhanced EQE regimes compared to ITO based ones. With the increase of the Ta2O5 layer 
thickness, the enhancement at the shorter wavelength gets more prominent, while the other 
one at the longer wavelength becomes weaker. It is worth noting that the 15 nm Ta2O5 
device obtains a consistently enhanced EQE from 430 to 780 nm compared to the ITO 
based device, leading to the strongest photocurrent enhancement and the highest PCE 
among all devices. 
 
In order to examine the potential application of this electrode on flexible substrates, the 
Ta2O5/Al-doped Ag/ZnO film was deposited on flexible PET substrates. The radius of 
curvature for bending test is around 5 mm. As shown in Figure 4.6d, the performance of 
ITO based device significantly degraded each time when it was bent, and stopped operating 
after 60 times of bending. In contrast, the Ta2O5/Al-doped Ag based device has a stable 





Figure 4.6: (a) J-V characteristics and (b) EQE spectra of ITO and Ta2O5 (x nm)/Al-
doped Ag (7 nm) electrode based OPVs. (c) EQE enhancement of Ta2O5 (5, 15, 20, 25, 
30, and 50 nm)/Al-doped Ag (7 nm) based OPVs over ITO based ones. (d) Bendability 



















Table 4.1: Summary of performance metrics of the devices with ITO and Ta2O5/Al-doped 
Ag (7 nm) with varying thicknesses of Ta2O5 layer, which are obatined from 6 devices 
for each condition. 
 JSC  







ITO control 15.54 (±0.20) 0.79 (±0.01) 66.9 (±0.4) 8.22 (±0.18) 
Ta2O5=  5 nm 16.43 (±0.24) 0.79 (±0.01) 63.2 (±0.3) 8.20 (±0.20) 
Ta2O5=  10 nm 16.17 (±0.15) 0.79 (±0.01) 64.8 (±0.5) 8.28 (±0.19) 
Ta2O5=  15 nm 16.92 (±0.19) 0.79 (±0.01) 64.1 (±0.6) 8.57 (±0.22) 
Ta2O5=  20 nm 16.63 (±0.20) 0.79 (±0.01) 64.4 (±0.3) 8.46 (±0.18) 
Ta2O5=  25 nm 16.40 (±0.10) 0.79 (±0.01) 65.0 (±0.5) 8.42 (±0.17) 
Ta2O5=  30 nm 15.75 (±0.16) 0.79 (±0.01) 66.3 (±0.2) 8.25 (±0.16) 
Ta2O5=  50 nm 15.68 (±0.15) 0.79 (±0.01) 66.3 (±0.1) 8.21 (±0.15) 
Ta2O5=  60 nm 15.81 (±0.23) 0.79 (±0.01) 66.3 (±0.2) 8.28 (±0.21) 
 
 
To verify the origin of the EQE enhancement in Ta2O5/Al-doped Ag (7 nm) based devices, 
the optical field intensity (|E|2) distribution versus position and wavelength is simulated 
using the 1D transfer matrix method, since light absorption and photocurrent generation in 
the active layer are strongly correlated with the optical field intensity. The light is incident 
normally onto the glass substrate and the optical field intensity |E|2 inside the solar cell is 
normalized to the incoming field intensity. The field intensity profiles inside ITO based 
device and Ta2O5 (15 nm)/Al-doped Ag (7 nm) based one are shown in Figures 4.7a and 
b. There is a strong field enhancement ranging from 750 to 850 nm in the Ta2O5 (15 
nm)/Al-doped Ag (7 nm) based device, and a weak field enhancement between 500 and 
650 nm, in correspondence with the measured EQE enhancement. When the thickness of 
Ta2O5 layer increases from 5 to 50 nm, the resonance at the longer wavelength regime (750 
to 850 nm) gets weaker, while the resonance at the shorter wavelength regime (500 to 650 
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nm) becomes stronger (Figures 4.7c and d). This trend is also consistent with the measured 
EQE. It is worth mentioning that the optical field distribution is modulated by solely 
varying the thickness of the Ta2O5 layer, which is at the outmost of the entire device and 
does not affect any charge transport or collection. Thereby, there is no limit in the Ta2O5 
layer thickness or any requirement on the modification of other layers in the device, making 
this approach universal and easy-to-apply.  
 
To further demonstrate the generality of this approach, devices using Ta2O5/Al-doped Ag 
as electrodes but with a thinner active layer (50 nm) were fabricated. Similarly, by solely 
adjusting the thickness of the Ta2O5 layer, the device performance can be optimized and 
improved as compared to the ITO control device. The measured parameters are listed in 
Figure 4.8. The ITO-based device with a 50 nm active layer has a PCE of 5.92% with a Jsc 
= 11.35 mA cm-2, Voc = 0.78 V, and FF = 66.9%. Device built on a Ta2O5 (25 nm)/Al-
doped Ag (7 nm) electrode has a PCE of 6.23% with a Jsc = 11.96 mA cm
-2, Voc = 0.78 V, 





Figure 4.7: Simulation of the optical field intensity (|E|2) distribution versus position and 
wavelength in (a) ITO based device, (b) Ta2O5 (15 nm)/Al-doped Ag (7 nm) based 
device, (c) Ta2O5 (5 nm)/Al-doped Ag (7 nm) based device, and (d) Ta2O5 (50 nm)/Al-

































































Figure 4.8: (a) J-V characteristics and (b) EQE spectra of ITO and Ta2O5 (x nm)/Al-
doped Ag (7 nm) electrode based OPVs with a thin PBDTTT-C-T:PC70BM layer (50 
nm). 
 
The thickness of the semitransparent metal electrode influences the resonance effect inside 
the active layer in terms of both the enhanced light intensity and spectrum width, thus 
affecting the solar cell performance. This is demonstrated in Figure 4.9, which shows the 
light field intensity distribution (|E|2) inside the solar cell with different Al-doped Ag 
electrode thicknesses. The Al-doped Ag layer thickness varies among 4 nm, 7 nm, 10 nm, 
and 14 nm, while the Ta2O5/ZnO/PBDTTT-C-T:PC70BM/MoOx/Ag layer thicknesses are 
fixed as 15 nm/40 nm/70 nm/10 nm/100 nm respectively. Varying the Al-doped Ag 
thickness does not obviously change the resonant wavelength and location inside the 
device. This is because for a constructive interference to occur, the light field needs to be 
in phase at a certain position for a certain wavelength. The optical phase is contributed by 
both the propagation phase inside each layer and the reflection phase shift between layers, 
which are not affected too much by the slight variation of the Al-doped Ag thickness in a 
small range. However, varying the metal electrode thickness will change both its 
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reflectance and transmittance, thus affecting the enhanced field intensity as well as its 
spectrum width. For a thin electrode (e.g., 4 nm), the resonance has a weak peak intensity, 
but a broad spectrum. When the electrode film becomes thicker (e.g., 7 nm and 10 nm), the 
peak intensity gets stronger, but the spectrum width is compromised. If the electrode gets 
even thicker (e.g., 14 nm), both the peak intensity and spectrum width are reduced, and this 
is attributed to the relatively high loss associated with the metal electrode. 
 
Figure 4.9: Simulation of the optical field intensity (|E|2) distribution versus position and 
wavelength with varying Al-doped Ag electrode thicknesses at 4 nm (a), 7 nm (b), 10 nm 
(c), and 14 nm (d). The Ta2O5/ZnO/PBDTTT-C-T:PC70BM/MoOx/Ag layer thicknesses 
are fixed at 15 nm/40 nm/70 nm/10 nm/100 nm respectively. 
 
To further study the effect of Al-doped Ag electrode thickness on the device performance, 
the Jsc of solar cells with different Al-doped Ag electrode thicknesses is simulated while 
61 
 
keeping the other layers unchanged. A constant internal quantum efficiency is assumed for 
the absorbed light. Two devices with different active layer thicknesses (50 nm and 70 nm) 
are studied, consistent with our experimentally demonstrated ones. In each case, the Ta2O5 
layer thickness is chosen in correspondence to the device configurations with maximal 
EQEs (25 nm Ta2O5 for the device with a 50 nm active layer and 15 nm Ta2O5 for the 
device with a 70 nm active layer). The normalized Jsc is plotted in Figure 4.10. For the 
device with a 70 nm active layer, the simulated current stays basically flat for a thin Al-
doped Ag film (<8 nm), with a maximum value at 6 nm and then starts to drop with the 
increasing thickness of the metal electrode. The Jsc of the 50 nm active layer device has a 
more obvious dependence on the Al-doped Ag thickness, with a maximum value at 8 nm. 
Therefore, a thin, smooth, and low-loss metal electrode is advantageous for the resonant 
light harvesting in OSCs.  
 
Figure 4.10: Simulated Jsc of the devices with varying thicknesses of Al-doped Ag layer 




4.4 Highly transparent TiO2/Al-doped Ag/TiO2/MgF2 electrode 
In order to be employed in universal device configurations, semitransparent conductors 
should have as high a transmission as possible. One strategy to further increase the 
transmission (reduce reflection) of a thin metal film is to employ a dielectric-metal-
dielectric (DMD) structure, whose schematic is plotted in figure 4.11a. An ultra-thin Al-
doped Ag film is sandwiched between two titanium dioxide (TiO2) layers, and an additional 
layer of magnesium fluoride (MgF2) is deposited on top of the upper TiO2 layer to further 
suppress the reflection. By fixing the Al-doped Ag layer thickness, and adjusting the TiO2 
and MgF2 layer thicknesses, an optimized DMD stack of 50 nm TiO2/7 nm Al-doped Ag/ 
40 nm TiO2/100 nm MgF2 provides both a high and flat transmittance over the visible and 
near IR range (400 nm to 1000 nm), giving an averaged transmittance of 92.4% (figure 
4.11c). Such a transmission enhancement is induced by multiple optical resonances within 
the dielectrics. To show this, the net phase accumulation of each dielectric layer in the 
DMD structure of 50 nm TiO2/7 nm Al-doped Ag/40 nm TiO2/100 nm MgF2 is plotted in 
figure 4.12. The net phase accumulation includes both the two reflection phase shifts from 
the two interfaces, as well as the propagation phase through the dielectric layer. The 
transmission is enhanced (reflection is thus suppressed) by the resonances within the 
dielectrics, which are indicated by the circles and occur when the net phase shift is equal 
to multiple times of 2π radians. The overlapped multiple resonances within every dielectric 




The measured spectrum of the fabricated structure is plotted in figure 4.11d, in close 
correspondence with simulation. The pictures of a bare fused silica substrate (left side) and 
a transparent conductor based on a 7 nm Al-doped Ag film (right side) are shown in figure 
4.11b, both of which have similar appearances.  
 
It is worth noting that such a DMD design also applies to thicker Al-doped Ag films; 
however, due to the increased absorption associated with thicker metal films, the optimized 
transmission is reduced (figure 4.11c). For example, for a 10 nm Al-doped Ag, the 
optimized structure of 40 nm TiO2/10 nm Al-doped Ag/35 nm TiO2/70 nm MgF2 provides 
an averaged transmittance of 87.4% from 400 nm to 1000 nm. The transmission is even 
lower for structures with 13 nm and 16 nm Al-doped Ag films (averaged transmittance of 









Figure 4.11: Transparent conductor based on Al-doped Ag films. (a) Schematic drawing 
of an Al-doped Ag based transparent conductor using dielectric/metal/dielectric (DMD) 
configuration. (b) Left: picture of a bare fused silica substrate; Right: picture of an Al-
doped Ag based transparent conductor (50 nm TiO2/7 nm Al-doped Ag/40 nm TiO2/100 
nm MgF2). (c) Simulated transmission spectra of transparent conductors with different 
Al-doped Ag layer thickness. For each Al-doped Ag layer thickness, the thicknesses of 
TiO2 and MgF2 layers are adjusted to achieve optimized transmission efficiency from 400 
nm to 1000 nm. (d) Measured transmission spectrum of transparent conductor (50 nm 
TiO2/7 nm Al-doped Ag/40 nm TiO2/100 nm MgF2). The transmission through a 7 nm 






Figure 4.12: The net phase accumulation of each dielectric layer in the DMD transparent 
conductor consisting of 50 nm TiO2/7 nm Al-doped Ag/40 nm TiO2/100 nm MgF2. 
 
4.5 Conclusions 
This chapter presents improved designs of transparent conductors based on Al-doped Ag 
films. With the aid of the Ta2O5 wetting layer, ultra-thin Al-doped Ag films down to 4 nm 
are obtained, and they work as efficient transparent conductors in organic solar cells. In 
addition, the Ta2O5 layer functions as an optical spacer to tune the optical field distribution 
in the entire solar cell without the need to change the other layers’ geometries, locating the 
optical cavity resonance inside the active layer. The light harvesting of the active layer is 
enhanced in a certain range of its absorption spectrum while the absorption in the rest of 
the spectrum is not sacrificed (due to improved photon management), leading to enhanced 
PCEs. Ta2O5/Al-doped Ag films act as a high-performance electrode for OSCs with high 
transparency, low resistance, good mechanical flexibility, and improved photon 
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management capability. In the end, a highly transparent TiO2/Al-doped Ag/TiO2/MgF2 
electrode is designed and fabricated. It has an averaged transmittance of 92.4% over the 
visible and near-IR range (400 nm to 1000 nm), and is suitable to be employed as an ITO-






















Organic Light Emitting Diodes Using Al-doped Ag Films as 
Transparent Conductors 
5.1 Introduction 
In previous chapters, thin doped Ag films have been investigated as high-performance 
transparent conductors in organic solar cells. They provide a high optical transmittance, 
good electrical conductivity, and great mechanical flexibility. With the aid of reflection 
from thin Ag films, a resonance enhanced optical field can be formed inside the photo-
active layer, which further promotes the device’s power conversion efficiency (resonant 
light harvesting). In this chapter, thin doped Ag films will be investigated as the transparent 
conductors in organic light emitting diodes (OLEDs).  
 
Currently, one of the most widely used transparent conductors for OLEDs is indium tin 
oxide (ITO). However, it has several limitations. Scarcity of the Indium element renders 
ITO a high-cost material. Beside, ITO is brittle and has a poor mechanical flexibility, which 
limits its applications in flexible devices. Moreover, ITO usually requires a high 
temperature processing (e.g. post-annealing after deposition), which constrains its 




Another drawback of ITO-based OLEDs is the limited out-coupling efficiency. For OLEDs 
fabricated on glass substrates coated with ITO, only a small fraction of the emitted photons 
actually exit the device. Most of the emitted light will be trapped inside the OLED as 
waveguide modes due to total internal reflections at the interfaces between layers. This is 
because of the refractive index mismatch between the glass substrate (n~1.5), ITO (n~1.8), 
organic layers (n~1.7), and air (n=1).  
 
Due to the above mentioned limitations of ITO, various alternative transparent conductors 
have been intensively researched, including thin metal films [85, 86], metallic nano-/micro-
structures [87, 88], conductive polymers [89, 90], and carbon-based materials [55, 91, 92]. 
Among them, thin metals offer the advantages of low-cost, great optical transmittance, 
good electrical conductivity, and large-area uniformity. 
 
5.2 ITO-based devices 
The geometry of a conventional OLED investigated in this work is shown in figure 5.1. It 
has the following structure: glass substrate/ITO/PEDOT/Super yellow (SY)/ZnO/Al. The 
thicknesses of ITO, SY, and Al layers are fixed as 150 nm, 60 nm, and 100 nm, respectively. 
SY is the light emitting layer, with a central emission wavelength of 600 nm. In the ITO-
based OLED, the emitted light with a parallel wave-vector (𝑘∥) smaller than the free-space 
wave-vector (𝑘0) will be able to propagate through all layers and exit into the air (air mode); 
For emitted light with a parallel wave-vector (𝑘∥) satisfying: 𝑘0 < 𝑘∥ < 𝑛𝑔𝑙𝑎𝑠𝑠 ∗ 𝑘0, it will 
be trapped in the glass substrate (substrate mode); For emitted light with a parallel wave-
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vector (𝑘∥) satisfying: 𝑛𝑔𝑙𝑎𝑠𝑠 ∗ 𝑘0 < 𝑘∥ < 𝑛𝐼𝑇𝑂(𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐) ∗ 𝑘0, it will be trapped in the 
ITO and organic layers (ITO/organic mode); For emitted light with an even larger parallel 
wave-vectors: 𝑘∥ > 𝑛𝐼𝑇𝑂(𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐) ∗ 𝑘0 , they will be confined in the metal/dielectric 
interface as the surface plasmon polariton (SPP) wave (surface plasmon mode). 
 
 
Figure 5.1: Schematic drawing of the OLED structure. 
 
In order to enhance the out-coupling efficiency of OLED, a larger portion of the emitted 
photon energy needs to go to the air mode. The out-coupling optimization is conducted 
using the classical oscillating dipole model. The light emitting layer is modelled as a dipole, 
and its electromagnetic fields are calculated using the dyadic Green’s functions. In the 
calculation, the dipole orientation, its location in the active layer, and frequencies of the 
emitted light taking are into consideration. Calculation details can be found in Ref. [93]. 
For the OLED in this study, the thicknesses of ZnO and PEDOT layers are adjusted for 
optimizing the out-coupling efficiency, while the thicknesses of ITO, doped Ag film, SY, 
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and Al layers are fixed as constant values. For the SY emitting layer, a horizontally-
oriented dipole ratio of 2/3, and a vertically-oriented dipole ratio of 1/3 is assumed. 
 
The calculated out-coupling efficiencies of the ITO-based device as a function of the 
PEDOT and ZnO thicknesses are shown in figure 5.2a. In this calculation, the dipole is 
assumed to be located at the center of the SY layer (a total thickness of 60 nm). The 
structure of glass/150 nm ITO/54 nm PEDOT/60 nm SY/24 nm ZnO/100 nm Al gives out 
an optimized out-coupling efficiency of 33.02 %. Figure 5.2b shows the calculated 
distribution of the dipole energy versus the dipole distance from the ZnO/SY interface. 
Unfortunately, there are about 20% of the emitted energy which goes to the ITO/organic 
mode, which is not easily extracted. 
 
Figure 5.2: (a) Out-coupling efficiency of the ITO-based device with different 
thicknesses of the ZnO and PEDOT layers. (b) Energy distribution in all layers in the 
ITO-based device with an optimized out-coupling efficiency. 
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5.3 Ultra-thin doped Ag-based devices 
The ITO/organic mode can be eliminated by replacing ITO with a thin Ag layer. Figure 
5.3a shows the calculated out-coupling efficiencies of a 10 nm Al-doped Ag-based OLED 
as a function of the PEDOT and ZnO thicknesses. The structure of glass/10 nm Al-doped 
Ag/52 nm PEDOT/60 nm SY/26 nm ZnO/100 nm Al gives out an optimized out-coupling 
efficiency of 39.09 %. There is a ~18.4% enhancement in the out-coupling efficiency by 
simply replacing the 150 nm ITO with a 10 nm Al-doped Ag film. Figure 5.3b shows the 
calculated distribution of the dipole energy versus the dipole distance from the ZnO/SY 
interface. The ITO/organic mode has been fully eliminated. 
 
Figure 5.3: (a) Out-coupling efficiency of the 10 nm Al-doped Ag-based device with 
different thicknesses of the ZnO and PEDOT layers. (b) Energy distribution in all layers 
in the Al-doped Ag-based device with an optimized out-coupling efficiency. 
 
The out-coupling efficiency of thin Ag-based OLEDs can be further enhanced by using 
thin Ag films with a lower optical loss at 600 nm, such as Cu-doped Ag. Figure 5.4a shows 
the calculated out-coupling efficiencies of a 10 nm Cu-doped Ag-based OLED as a 
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function of the PEDOT and ZnO thicknesses. The structure of glass/10 nm Al-doped Ag/54 
nm PEDOT/60 nm SY/26 nm ZnO/100 nm Al gives out an optimized out-coupling 
efficiency of 41.61 %. Figure 5.4b shows the calculated distribution of the dipole energy 
versus the dipole distance from the ZnO/SY interface.  
 
Figure 5.4: (a) Out-coupling efficiency of the 10 nm Cu-doped Ag-based device with 
different thicknesses of the ZnO and PEDOT layers. (b) Energy distribution in all layers 
in the Cu-doped Ag-based device with an optimized out-coupling efficiency. 
 
Similar to the resonant light harvesting effect in organic solar cells discussed in chapter 4, 
such a micro-cavity effect is also related to the thickness of the Ag film. A too thin film 
will not support a sufficiently strong cavity effect, while a too thick film induces too much 
absorption loss. Figure 5.5 plots the out-coupling efficiencies with different thin doped Ag 
film thicknesses for both Al-doped Ag- and Cu-doped Ag-based OLED. The thicknesses 
of the ZnO and PEDOT layers are adjusted in order to achieve the optimized out-coupling 
efficiency for each case with a different Ag film thickness. It can be seen that there is a 
dependence of the optimized out-coupling efficiency on the thickness of the thin Ag film. 
For the OLED structure in this study, a highest out-coupling efficiency occurs at a 10 nm 
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electrode thickness for both Al-doped Ag- and Cu-doped Ag-based devices. This further 
signifies the unique advantages of using an ultra-thin, smooth, and low-loss doped Ag films 
as semitransparent conductors in OLEDs. 
 
Figure 5.5: Optimized out-coupling efficiencies with different thin doped Ag film 
thicknesses for the Al-doped Ag- and Cu-doped Ag-based OLEDs. 
 
5.4 Conclusions 
This chapter presents the numerical studies of applying doped Ag films as transparent 
conductors in organic light emitting diodes (OLEDs). OLEDs based on ITO have limited 
out-coupling efficiencies due to the confined light emission in the ITO/organic layers, as 
well as poor mechanical flexibilities. Thin doped Ag film provides an effective solution to 
the above issues. OLEDs based on thin Al-doped Ag and Cu-doped Ag films are designed 
and compared. An OLED based on 10 nm thick Al-doped Ag electrode has an optimized 
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out-coupling efficiency of 39.09% in simulation, which is an 18.4% enhancement 
compared to that of the optimized ITO-based device. The out-coupling efficiency is further 
improved by replacing Al-doped Ag with a less lossy Cu-doped Ag film. A 10 nm Cu-
doped Ag based OLED provides an out-coupling efficiency of 41.61. Corresponding 


































Nanophotonic Framework Enabled by Ultra-thin, Low-loss, 
and Stable Al-doped Ag Films 
6.1 Introduction 
In the past several decades, the emergence of nanophotonics and plasmonics has led to a 
number of exciting advances through the exploration of light-matter interactions at sub-
wavelength scales [94, 95]. A negative index of refraction [96, 97], deep sub-diffraction 
imaging [8], ultra-thin optical devices [98, 99], structural colors [13, 100], and optical 
invisibility [101, 102] are just some of the important advances made by conjoining metal 
and dielectric optics. However, such nanophotonic/plasmonic systems have been largely 
limited due to their unavoidable optical loss. Consequently, there is now a significant effort 
to explore alternative materials and methods to improve the performance of plasmonic 
metals [103]. One material of significant interest is silver (Ag), as it has the highest 
performance ( Re{ }/ Im{ }  ) of any plasmonic material in the visible and near infrared. 
Unfortunately, Ag is well documented to have several fundamental problems, including 
difficulty to form continuous thin films (< 15 nm), rough surface morphology, poor 
chemical and thermal stability, and inferior adhesion to popular substrates like silicon and 
fused silica [19]. In fact, spontaneous de-wetting for a thin Ag film occurs even at room 
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temperatures [20] (such degradation is greatly accelerated even for modest temperatures 
~100°C [21] [22]), whilst the entirety of Ag films can removed by ultrasonic vibrations or 
even Scotch tape [23]. 
 
To address several of the above issues, one commonly used method is to deposit a thin 
adhesion layer (e.g., Germanium [19], Nickel [24], or Molly Oxide [6]) before the Ag 
deposition, which can significantly reduce the Ag film roughness and promote thin film 
formation. However, these adhesion layers generally induce additional loss (as they are 
poor plasmonic materials), which is especially damaging for plasmonic structures since the 
optical field is enhanced at the metal-dielectric interface. Consequently, even a 1 or 2 nm 
thick wetting layer will cause a significant plasmonic mode damping [25-27].  
 
This chapter reports on utilizing Al-doped Ag for building a high-performance 
nanophotonic framework. As discussed in detail in previous chapters, Al-doped Ag not 
only maintains Ag’s superior optical properties, but at the same time, overcomes many of 
its limitations. Wetting-layer-free thin Ag films can be achieved for a thickness down to 6 
nm with a sub-nanometer roughness on various substrates, including silicon, fused silica, 
and flexible substrates (e.g., PET films). Additionally, Al-doped Ag is shown to have a 
substantially improved substrate adhesion, and is stable at both room temperatures and 
elevated temperatures up to 500 °C. Building upon these unique advantages, several key 
nanophotonic components based on Al-doped Ag have been demonstrated, including 
hyperbolic metamaterials and low loss plasmonic waveguides.   
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6.2 Hyperbolic metamaterials based on Al-doped Ag films 
The first nanophotonic application of Al-doped Ag is in high performance hyperbolic 
metamaterials (HMMs). HMMs are highly anisotropic structures which exhibit a metallic 
response (i.e., Re{𝜀} < 0) in one (two) directions and a dielectric response (i.e., Re{𝜀} > 0) 
in the other two (one) directions. Such a high anisotropy endows HMMs with a 
theoretically unbounded hyperbolic dispersion and thus, an ultra-high photonic density of 
states (PDOS) [1]. HMMs have been used to demonstrate broadband absorption [104, 105], 
enhanced spontaneous emission [12], and engineered thermal radiation [106].  
 
One way to fabricate HMMs is by depositing alternating layers of thin metal and dielectric 
films (inset of figure 6.1a), leading to a dielectric response (i.e., Re{𝜀⊥} > 0) in the direction 
normal to the layers and a metallic response (i.e., Re{𝜀∥} < 0) in-plane. The electromagnetic 
response of such HMMs is described by an effective magnetic permeability equal to the 














The dispersion relation of HMMs is given by: 𝑘𝑥
2 𝜀⊥⁄ + 𝑘𝑧
2 𝜀∥⁄ = 𝑘0
2, where 𝑘𝑥 and 𝑘𝑧 are 
the complex amplitudes of the transverse and normal components of the complex wave-
vector, and 𝑘0 the free-space wave-vector (with respect to the coordinate system in figure 
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6.1a). Since 𝜀′∥ < 0  and 𝜀
′
⊥ > 0 , HMMs are governed by hyperbolic equi-frequency 
curves. For example, in the case of the HMM shown in figure 6.1a (four periods of 7nm 
Al-doped Ag and 20 nm Ta2O5 films), the measured 𝜀′∥ and 𝜀
′
⊥ at 700 nm are -1.41529 
and 7.86797, respectively. This leads to a dispersion curve plotted in figure 7.2b. There is 
a cut-off band defined by |𝑘𝑥| < 𝑘𝑐, where 𝑘𝑐 = √𝜀⊥ ∗ 𝑘0. Electromagnetic waves with 
transverse wave-vector 𝑘𝑥 located within this band decay evanescently in the z direction. 
In contrast, for electromagnetic waves with transverse wave-vectors |𝑘𝑥| > 𝑘𝑐, they are 
propagation modes in the HMM (high-k modes) 
 
Figure 6.1: (a) Measured transmission efficiency of the fabricated HMM consisting of 4 
period of 7 nm Al-doped Ag and 20 nm Ta2O5. The inset is its schematic drawing. (b) 
Dispersion curve of HMM at 700 nm. The HMM supports the propagation of modes with 
transverse wave-vectors larger than kc. 
 
However, there is a limit of the maximal allowed high-k modes, which is determined by 
the inverse of the HMM unit cell size, i.e., Λ = tmetal + tdielectric. This is because that at a 
large value of 𝑘𝑥, the normal component of wave-vector 𝑘𝑧 is also large (consistent with 
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the hyperbolic dispersion). Consequently, the effective wavelength (𝜆𝑧 =
2𝜋
𝑘𝑧
 ) along the 
normal direction is getting comparable with the unit size cell and therefore, the effective 
medium theory approximation breaks down. Instead, the photonic band structures 
originating from the multi-layer configurations of HMMs should be considered, which 
seriously compromises the ultra-high PDOS predicted by the theoretical hyperbolic 
dispersion of HMMs. Therefore, it is desirable to have thin constituent layers in HMMs. 
Also, maintaining thin constituent layers increases the transmission per period and enabling 
light to propagate farther into the material. However, since it is challenging to obtain thin 
and smooth Ag films, most reported HMMs use relatively thick (and rough) Ag films, and 
suffer from a lossy and non-homogeneous response (e.g., oscillating transmission spectra 
which deviates from effective medium theory [16]). In contrast, the ultra-thin and smooth 
Al-doped Ag films greatly improve upon these limitations, facilitating the fabrication of 
low-loss and homogeneous HMMs with a high transmission, small unit cell size, and 
optical properties which are well approximated by effective medium theory.   
 
The fabricated HMM consists of four periods, alternating layers of 7 nm Al-doped Ag and 
20 nm Ta2O5, starting with the Al-doped Ag film on the fused silica substrate (inset of 
figure 6.1a). The measured transmission at normal incidence is plotted in figure 6.1a. It has 
both a high and smooth transmittance across the visible range, which benefits from the 




The structure’s optical properties were characterized using spectroscopic ellipsometry 
(M2000, J. A. Woollam Co.), where the HMM was modelled as a uniaxial anisotropic 
medium with different in-plane (parallel) and out-of-plane (perpendicular) optical 
constants. The simulated and measured permittivities are plotted in figures 6.2a and b (real 
and imaginary part, respectively), which corresponds closely with each other. In the 
parallel direction, the epsilon near zero (ENZ) point is around 610 nm, and beyond this 
wavelength, the HMM’s dispersion transits from an ellipsoidal to hyperbolic behavior. 
 
Figure 6.2: Measured permittivities of the fabricated HMM. (a) Simulated (solid curve) 
and measured (dotted curve) of the real part of the permittivity of the fabricated HMM. 
The permittivity along the parallel direction turns into negative beyond 610 nm and 
therefore, the HMM has a hyperbolic dispersion. (b) Simulated (solid curve) and 
measured (dotted curve) of the imaginary part of the permittivity of the fabricated HMM. 
 
 
As noted previously, the maximal allowed high spatial wave-vectors (high-k modes) in 
HMMs are determined by the inverse of HMM unit cell sizes. One way to demonstrate this 
is by examining the transmission amplitude of an electromagnetic wave with a large-value 
𝑘𝑥 through the HMM [10]. Figures 6.3a and b show the transmission amplitudes of modes 
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with different 𝑘𝑥 values through two HMMs, which have an identical thickness and ratio 
of metal-dielectric layers, but a different unit cell size. The HMM considered in figure 6.3a 
consists of 8 periods of 7 nm Al-doped Ag and 20 nm Ta2O5, while the HMM in figure 
6.3b consists of 4 periods of 14 nm Al-doped Ag and 40 nm Ta2O5. Although these HMMs 
have an identical ratio and total thickness of metal and dielectric layers (thus an identical 
behavior predicted by the effective media theory), the HMM with thinner constituent layers 
supports a much broader transmission band for high-k modes, which contributes to a larger 
photonic density of states (PDOS) [107]. A high PDOS is essential to many extraordinary 
phenomena enabled by HMMs (broadband absorption, enhanced spontaneous/stimulated 
emission, engineered thermal radiation, etc). As an example, for a dipole emitter located 
10 nm above the HMM, the Purcell enhancement factor of the emitter on top of HMM with 
thinner layers is much larger than that of the emitter on top of HMM with thicker layers 






Figure 6.3: (a) Calculated transmission amplitude of an electromagnetic wave with 
different transverse wave-vectors (𝑘𝑥) through a HMM made of 8 periods of 7 nm Al-
doped Ag and 20 nm Ta2O5. (b) Calculated transmission amplitude of an electromagnetic 
wave with different transverse wave-vectors (𝑘𝑥) through a HMM made of 4 periods of 
14 nm Al-doped Ag and 40 nm Ta2O5. HMM consisting of thinner constituent layers 
supports a broader bandwidth of high-k modes. 
 
 
Figure 6.4: Calculated Purcell factor of a dipole emitter located 10 nm above two HMMs 
studied in figure 6.3a and 6.3b. The Purcell factor is averaged over different dipole 
orientations (2/3 contribution from parallel dipoles and 1/3 contribution from vertical 




In a planar system, when a dipole is placed at a distance d above a single or multilayer 
films with a perpendicular (⊥) or parallel (∥) orientation to the interfaces, the corresponding 
Purcell factors F can be written as the following: [108, 109]   




































Here, 0  is the internal quantum efficiency of the emitter in free space and is assumed to 
be unity in this calculation. 𝑘𝑥 and 𝑘𝑧 are the components of the wave-vector along the x 
and z axis, respectively. 𝑘0  is the free-space wave-vector. 𝑟𝑠  and 𝑟𝑝  are the reflection 
coefficients of the structure at the interface for an s and p polarized light, and are calculated 
using the transfer matrix method. 1  is the relative permittivity of the host media of the 
emitter and is unity in this calculation. The integrants in the above two equations refer to 
the normalized dissipated power spectra, which represents the energy emitted into different 
dissipation channels.  
 
In the case of isotropic orientated emitters (2/3 contribution from parallel dipoles and 1/3 











6.3 Plasmonic interconnects based on Al-doped Ag films         
Another application which can greatly benefit from high quality thin metallic films is low 
loss plasmonic waveguides. For a thin metallic film embedded in a dielectric surrounding, 
the surface plasmon polaritons (SPPs) on both the upper and lower interface between the 
film and dielectric will couple with each other and form a symmetric long-range SPP (LR-
SPP) mode that is quasi-photonic [110]. Such modes have many advantages (e.g., wide 
operational bandwidth, the ability to couple with other plasmonic structures, the ability to 
support both electrical and optical signals, etc), and have been utilized in various plasmonic 
devices [111-115]. Although Ag is a low-loss plasmonic material in the visible and near-
IR range, it is rarely employed in LR-SPP waveguides due to its difficulty in forming thin 
films, surface roughness, poor adhesion with substrates, and rapid degradation in ambient 
environments. It is worthwhile to note that the methods of adding adhesion layers to 
produce thin Ag films are not suitable for fabricating LR-SPP waveguides, and this is 
because wetting layers, such as Ge, Ni, Cr, are highly lossy plasmonic materials and 
therefore lead to a significant damping of the SPP modes [25-27]. 
 
Using Al-doped Ag films, LR-SPP waveguides were fabricated on fused silica substrates 
and their performances were characterized. The device layout is shown in figure 6.5a, 
where the index matching condition at 1.55 µm was achieved using an index-matching oil.      
To fabricate the LR-SPP waveguide, a 10 nm thick, Al-doped Ag film was first deposited 
on a fused silica substrate by Al and Ag co-deposition. Subsequently, the film underwent 
an annealing treatment (500 °C for 10 s in a N2 environment) to further reduce its loss. 
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Photolithography was used to define the waveguide shape in the photoresist first (GCA 
AS200 AutoStep) and the pattern was then transferred into the Al-doped Ag films by Argon 
(Ar) ion-bombardment etching (STS Pegasus ICP). Finally, the photoresist was removed 
by Acetone with the aid of ultrasound sonication. As mentioned earlier, Al-doped Ag films 
have good adhesion with substrates and are robust against commonly used chemicals 
during the nano-fabrication. These properties contribute to the successful fabrication of Al-
doped Ag based LR-SPP waveguides. The fabricated Al-doped Ag LRSP waveguide has a 
width of 9 µm and thickness of 10 nm (figure 6.5b).  
 
Figure 6.5: LR-SPP waveguide based on Al-doped Ag. (a) Schematic drawing of the Al-
doped Ag LR-SPP waveguide. Index matching oil is used to match the refractive index of 
fused silica substrate at 1.55 µm. (b) Optical microscope of fabricated Al-doped Ag LR-
SPP waveguide. The insert is the SEM picture of one waveguide. 
 
The device performance is characterized by the fiber end-coupling method, as shown in 
figure 6.6. The out-coupled waveguide mode and its intensity profile along the vertical 
direction are shown in figure 6.7a and b, respectively, where the vertical mode size (1/e2 





Figure 6.6: Measurement set-up to characterize the mode profile and propagation loss of 
the waveguide. 
 
Figure 6.7: (a) Experimentally measured modal profile from the output facet of the Al-
doped Ag LRSP waveguide. (b) Fitting of the vertical intensity with an exponential decay 
of the plasmonic mode. 
 
The measurement is compared to simulation, shown in figure 6.8, where the simulated 
mode size and propagation loss for the 10 nm thick and 9 µm wide waveguide are 13 µm 
and 0.46 dB/cm, respectively. The discrepancy between simulation and measurement can 
be attributed to factors such as film thickness variation during deposition and lensing 
effects due to the index matching oil [116]. The experimentally demonstrated propagation 
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length of over 3 centimeters is an order of improvement compared with those from similar 
10 nm thick, LR-SPP waveguides made of Au and TiN (figure 6.8) [116-118], and such an 
improvement is due to the low-loss nature of the Al-doped Ag films. Moreover, the 
propagation length can be further improved by reducing Al-doped Ag strip width and 




Figure 6.8: Simulated mode size and propagation loss of 10 nm thick, Al-doped Ag strip 
waveguide with different strip widths (solid lines). The red star denotes the measured 
propagation loss of a 10 nm thick, 9 µm thick Al-doped Ag LR-SPP waveguide in this 
work. The purple triangle denotes the measured propagation loss of a 10 nm thick, 9.38 
µm thick TiN LR-SPP waveguide [116]. The green pentagon and magenta circle denote 






This chapter presents a nanophotonic framework enabled by Al-doped Ag films. Two 
representative nanophotonic devices are investigated: hyperbolic metamaterials (HMMs) 
and long range surface plasmon polariton (LR-SPP) waveguides. HMMs consisting of thin 
constituent layers of Al-doped Ag films have both a low-loss and homogenous response. 
Also, they support a broader bandwidth of high-k modes compared to HMMs made of 
thicker layers. LR-SPP waveguides based on thin Al-doped Ag films demonstrate a 
propagation length of a few centimeters, which is an order of improvement compared to 
















Highly Efficient, Broadband, and Angular Robust Asymmetric 
Light Transmitting Metasurface 
7.1 Introduction 
In the previous chapters, a new kind of optical materials: Al-doped Ag film and its various 
applications in optoelectronic and nanophotonic devices have been studied. Here, I will 
switch the gears and discuss a few photonic devices which don’t necessarily reply on doped 
Ag films. These devices include metasurfaces which provide asymmetric transmission of 
light, metasurfaces which convert a linearly polarized input light into an axially polarized 
output light, as well as optical resonant structures which work as high-performance 
ultrasound detectors. 
 
The first example is a highly efficient, broadband, and angular robust asymmetric light 
transmitting metasurface. Devices providing asymmetric transmission of light are useful 
components for optical communication systems, information processing, and laser 
applications [121-124]. Recently, asymmetric light transmission with metamaterials has 
received considerable interest [125-128]. Although these devices are usually reciprocal and 
not suitable for applications such as optical isolation [129, 130], they have unique 
advantages of passive operation and compact size. They can be realized using photonic 
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crystals [131, 132], helical wires [133], hyperbolic metamaterials [10], and non-symmetric 
gratings [134, 135]. However, they typically suffer from complex fabrication processes, 
low efficiency, and limited operational bandwidth. For example, helical wires provide 
efficient and broadband asymmetric transmission for circularly polarized light in the 
infrared region [133], but they are fabricated by direct laser writing and gold plating, which 
is complex and time-consuming. Hyperbolic metamaterials sandwiched between two 
Chromium (Cr) gratings have shown broadband asymmetric light transmission as well, but 
exhibited a low transmission efficiency [10]. A device consisting of a metallic grating 
cascaded with a dielectric grating provides close to 100% transmission efficiency in 
simulation, but has a limited bandwidth [136]. Besides, the performance of these 
metamaterials is usually sensitive to fabrication errors and the angle of incident light, which 
limits their practical applications. Further, it is also difficult to employ the same design 
strategy for asymmetric light transmission at different wavelength ranges.  
 
In this chapter, a few-layer metasurface offering efficient and broadband asymmetric 
transmission of light is reported. Metasurfaces are sub-wavelength textured surfaces that 
can be thought of as the two-dimensional equivalent of metamaterials [137-141]. They 
exhibit versatile, tailored electromagnetic functions such as frequency selectivity [13, 142], 
polarization control [98, 143-146], wavefront engineering [147-151], and even nonlinear 
responses [152-154]. The asymmetric light transmitting metasurface in this work consists 
of three closely-spaced layers of one-dimensional (1D) gold nano-gratings. Contrary to 
predictions of the conventional theory (e.g., Malus’ law), the proper cascade of three layers 
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of nano-gratings instead offers an efficient and broadband asymmetric light transmission 
for a linearly polarized light. Furthermore, the device is only 290 nm (λ/5) thick, and its 
performance is robust to angle of incidence and fabrication variations. As an experimental 
demonstration, a device providing asymmetric transmission at a central wavelength of 1.5 
µm is fabricated and characterized, which shows a transmission efficiency of 80%, 
extinction ratio of 24:1, and a full width half maximum (FWHM) operating bandwidth of 
1.7 µm. Furthermore, the design concept is suitable for large-area device manufacturing 




The designed asymmetric light transmission metasurface consists of three layers of 40 nm 
thick gold (Au) nano-gratings, each of which are separated by a 125 nm thick SU-8 
dielectric spacer (Figure 7.1). The nano-gratings on the left and right layers have a period 
of 140 nm and linewidth of 70 nm. The nano-grating on the middle layer has a period of 
200 nm and linewidth of 100 nm. The gratings are oriented 0o, 45o, and 90o, for the first, 
second, and third layers, respectively. When x-polarized light is incident from the left side, 
it is efficiently transmitted through the metasurface and converted to y-polarized output. In 
contrast, there is very little transmission of x-polarized light when incident from the right 
(opposite) side of the metasurface. Therefore, this metasurface provides asymmetric 





Figure 7.1: Artistic rendering of the metasurface, consisting of three layers of cascaded 
Au nano-gratings. The metasurface provides high transmission of x-polarized light 
incident from the left side, but blocks x-polarized light that is incident from the right side. 
 
Each layer of the Au nano-gratings individually functions as a linear polarizer, which 
transmits light polarized orthogonal to the grating, while absorbing/reflecting light 
polarized along the grating. According to Malus’ law, the transmission intensity of a 
linearly polarized light through a linear polarizer is: I= 𝐼0 𝑐𝑜𝑠
2 𝜃, where 𝐼0 and 𝐼 are the 
light intensity before and after the polarizer, and 𝜃 is the angle between the incident light 
polarization direction and the polarizer transmission axis. In an ideal case where the 
metallic nano-gratings provide unity light transmission, there will only be 25% 
transmission intensity for x-polarized light incident from the left side through the cascaded 
system of three linear polarizers whose transmission axes are rotated 45o with respect to 
each other. When the finite cell size and material absorption are taken into account, the 
efficiency is even lower. The response of an individual layer of the Au nano-gratings within 
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the dielectric environment is simulated using Ansys HFSS. The electric field transmission 
coefficients of each layer are expressed as: 
 𝑇𝑏 = (
𝑏𝑥𝑥 𝑏𝑥𝑦
𝑏𝑦𝑥 𝑏𝑦𝑦
)          𝑇𝑚 = (
𝑚𝑥𝑥 𝑚𝑥𝑦
𝑚𝑦𝑥 𝑚𝑦𝑦




Where 𝑏𝑥𝑥 denotes the electric field transmission coefficient of the bottom layer for an x-
polarized input to an x-polarized output, and 𝑚𝑥𝑦 denotes the electric field transmission 
coefficient of the middle layer for a y-polarized input to an x-polarized output. Malus’ law 
neglects reflections between the layers, so all coefficients are treated as real numbers 
(transmission amplitude only), and no phase information is included. 
 














Finally, the intensity transmission coefficients are calculated as the squares of the electric 
field transmission coefficients. They are plotted in figure 7.2. The notation 𝑇𝑛𝑚  means 




Figure 7.2: Simulated transmission intensity through three layers of Au nano-gratings 
based on the Malus’ law. 
 
 
However, Malus’ law breaks down for the proposed structure consisting of closely spaced 
Au gratings. Next, the three layers of cascaded Au nano-gratings are treated as an 
integrated structure and its electromagnetic response is calculated (linear scale in Figure 
7.3a and logarithmic scale in Figure 7.3b). In contrast to the predictions of Malus’ law, this 
metasurface provides a high transmission of x-polarized light when it is incident from the 
left side, while blocking the same polarization incident from the right side. The simulated 
transmission efficiency around 1.5 µm is 85% with an extinction ratio of 53 (17.2 dB). The 
extinction ratio is defined as the ratio of the transmittance of x-polarized light from the left 
side (Tyx + Txx) to the transmittance of x-polarized light from the right side (Txy + Txx). The 
device has a FWHM operating bandwidth of 1.67 µm. Malus’ law only applies to cases 
where the multiple reflections between layers are negligible. However, for the metasurface 
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here, there are strong multiple reflections between the Au nano-grating layers. Such 
interaction leads to an asymmetric light transmission as well as polarization conversion in 
the structure.  
 
Figure 7.3: Simulated transmission intensity through the metasurface in the linear (a) and 
logarithmic (b) scale. 
 
 
The asymmetric response is due to the “cavity effect” rather than the near field coupling 
between layers. The multiple reflections between layers in this properly designed three-
layer structure leads to an enhanced cross-polarization transmittance (Tyx) over a broad 
bandwidth, as well as suppressed transmittances of other co- and cross-polarization 
conversions (Tyy, Txy, and Txx). This contributes to the asymmetric light transmission 
behavior of the metasurface. To better illustrate this point, the effective anisotropic 
impedance of each grating layer is simulated first, and then the grating layers are replaced 
with three infinitesimally thin sheets which have the effective impedances of the gratings. 
In this study, only the “cavity effect” is taken into account. As shown in Figure 7.4, the 
simulated transmittance of the three “equivalent sheets” corresponds well with the full-




Figure 7.4: Calculated transmittance of the metasurface based on full-wave simulation of 
the structure (solid curves) and simulation of cascaded equivalent sheets. 
 
Cascading two orthogonal 1D metallic gratings (e.g., left and right grating layers in Figure 
7.1) will lead to weak co-polarization conversions, and negligible cross-polarization 
conversions. There will also be some weak “cavity effect” in this two-layer structure 
depending on the separation between layers, as shown in Figure 7.5. However, the 45˚ 
orientated middle grating works as an efficient polarization conversion layer to generate 
cross-polarization transmission. Furthermore, such a conversion mechanism is enhanced 
by the cavity effect within the metasurface, which leads to its broadband asymmetric light 




Figure 7.5: Calculated transmittance of two orthogonal grating layers separated a SU8 
spacer. The grating geometry is identical to the top and bottom layer gratings studied in 
the manuscript. There are weak co-polarization transmittance, and the transmittance 
depends on the spacer layer thickness (cavity effect). However, there are negligible cross-
polarization conversions. 
 
Indeed, generating asymmetric transmission for linear polarization requires anisotropic 
electric and bianisotropic responses (i.e. magneto-electric coupling). An arbitrary electric 
response can be generated using a single-layer patterned sheet. However, a single sheet 
cannot generate magnetic and magneto-electric responses, which are necessary for a high-
efficiency polarization conversion. In fact, the fundamental limit for cross-polarization 
conversion is 25% if only an electric response is utilized [155]. Therefore, in this work, the 
attention is turned to designs consisting of multiple layers. A systematic design method for 
realizing arbitrary polarization conversion is outlined in Ref. [145]. It is shown that each 
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sheet can be homogenized as an equivalent sheet impedance with well-defined 
transmission and reflection coefficients. This allows the overall response of multiple 
cascaded sheets to be calculated, which simplifies the design procedure. It can be shown 




This work demonstrates that rather than designing complicated patterns that closely 
approach the ideal sheets, a simplified design with 1D metallic gratings can also achieve a 
relatively high performance. Consider two half-spaces separated by the metasurface, where 





















 are the incident and 
transmitted electric field polarized along the x and y directions, respectively. The element 
𝑡𝑛𝑚 in the Jones matrix denotes transmission coefficient of the m-polarized electric field 
to the n-polarized electric field, and is usually a complex number (containing both field 
transmission amplitude and phase information). The transmission intensity coefficient 𝑇𝑛𝑚 
equals the square of |𝑡𝑛𝑚|. For an ideal asymmetric transmitting device that allows unity 
conversion of x-polarized light to y-polarized light in one direction only, its Jones matrix 
is written as: T = 𝑒−𝑖∅ (
0 0
1 0
) [157]. For the structure in this study, its Jones matrix at 1.5 
µm is calculated as ( 0.126𝑒
𝑖75.1° 0.018𝑒−𝑖131°
0.920𝑒−𝑖44.6° 0.169𝑒𝑖51.9°
), which approaches the ideal case. It 
has been recently demonstrated that by designing each layer with complex geometries, the 
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metasurface performance can be further optimized [98, 145]. However, the design here, 
with only three layers of nano-gratings, is advantageous due to its simplicity and suitability 
for large-area device fabrication, with a very minimal compromise of its performance.   
 
7.3 Fabrication and characterization 
The metasurface is fabricated on a 500 µm thick fused silica substrate using the process 
shown in Figure 7.6a. The bottom layer is fabricated by electron beam (E-beam) 
lithography (JEOL 6300FS, JEOL) using Poly(methyl methacrylate) resist (PMMA 950k, 
A2, Microchem) followed by the deposition of a 3 nm Titanium (Ti) adhesion layer and a 
37 nm Gold (Au) layer, and then metal lift-off in an acetone solution. The PMMA layer 
was spin-coated on the substrate at a rate of 1600 rpm for 40 seconds, and the sample was 
subsequently baked on the hotplate at 180 ˚C for 3 minutes. The PMMA thickness was 
about 100 nm. To solve the charging issues during the E-beam writing, a conductive 
polymer layer (E-spacer, SHOWA DENKO K.K. 13-9, Shiba Daimon 1-Chome Minato-
Ku, Japan) was spin-coated onto the PMMA layer at a rate of 1500 rpm for 45 seconds, 
and the sample was subsequently baked on the hotplate at 110 ˚C for 2 minutes. The E-
spacer layer thickness is about 20 nm. After the E-beam writing, the E-spacer layer was 
removed after the sample was rinsed in the DI water for 15 seconds. Subsequently, the 
PMMA layer was developed in the developer solution (1:3 MIBK to IPA) for 45 seconds, 
and rinsed in IPA for another 30 seconds. To achieve uniform pattern features, proximity 
effect correction (PEC) was implemented during the E-beam writing. After the metal lift-
off, a 125 nm thick SU-8 layer is spun on the metal layer and cured with ultraviolet (UV) 
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radiation (MJB2, Karl Suss). The patterning and metal deposition/lift-off process is 
repeated three times in order to fabricate all three layers. The scanning electron 
micrographs (SEMs) of the layers are shown in Figures b to d. 
 
Figure 7.6: (a) Metasurface fabrication flow chart; (b-d) SEM pictures of the bottom (b), 
middle (c) and top (d) layer. 
 
 
The metasurface is experimentally characterized after fabrication. Output from a tunable 
laser (TLB 6326, Newport, central wavelength at 1.5 µm) is sent through a polarization 
controller (FPC032, Thorlabs), a single mode optical fiber (P3-1550A-FC-1, Thorlabs), 
and then onto the metasurface. The polarization state from the input fiber is adjusted by the 
polarization controller and confirmed by a separate linear polarizer (LPNIRA050-MP2, 
Thorlabs) before illuminating the metasurface. The light transmitted by the metasurface 
passes through another linear polarizer (LPNIRA050-MP2, Thorlabs) and is collected by 
an objective lens into an optical power meter (2835-C, Newport). The laser wavelength is 
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scanned between 1470 nm and 1530 nm. The measured and simulated transmittance is 
plotted in figures 7.7a (linear scale) and b (logarithmic scale), showing a close 
correspondence. The metasurface has an averaged transmission efficiency of 80% around 
1.5 µm, and an extinction ratio of 24 (13.8 dB).  
 
Due to the limited output wavelength range from the laser, the device is only characterized 
over a narrow band. However, numerical simulation predicts its broad operational 
bandwidth (1.7 µm). To demonstrate this, the metasurface is also characterized using a 
different experimental setup consisting of a rotating analyzer spectroscopic ellipsometer 
(Model V-VASE, J.A. Woollam Co., Inc.) between 1200 nm and 1850 nm. The 
illumination beam size from the ellipsometer (about 700 µm in diameter) is much larger 
than the metasurface area (250 µm by 250 µm square), and the measured Jones Matrix 
represents a superposition of the fraction of the light beam sampling the device and the 
surrounding area. However, since the cross-polarization conversion only takes place within 
the metasurface, the Txy and Tyx components can be obtained. Figure 7.8 plots the simulated 
and measured Txy and Tyx components. As the contributions from the device and 
surrounding area are not separated, the experimental values in Figure 7.8 are normalized 
to the simulation result at 1610 nm and are in arbitrary units. The measurement 
demonstrates that the device behavior agrees well with simulation over a large bandwidth. 
It should be noted that, due to the absorption in a fiber optic cable on the source side of the 
ellipsometer, there is insufficient light intensity near 1400 nm, causing the gap in the data 
seen there. More accurate measurements could be ascertained by using a smaller beam spot 
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or a series of measurements of different size beam spots to appropriately quantify the Jones 
matrix elements for only the device area. 
 
A visual demonstration that highlights the performance of the metasurface is shown in 
Figures 7.7c and d. Figure 7.7c is a picture of the metasurface taken with an infrared camera 
when a 1.5 µm laser beam illuminates the back of the metasurface. Figure 7.7d corresponds 
to the same setup but with the metasurface flipped around so that the laser beam illuminates 
from the opposite side. The same laser beam intensity and polarization are maintained in 







Figure 7.7: (a-b) Measured transmission intensity from the metasurface in the linear (a) 
and logarithmic (b) scale; (c) Bright transmitted light pattern from one direction; (d) 
Blocked transmitted light pattern from the reverse direction. The incident laser beam 





Figure 7.8: Measured Txy and Tyx components with a broadband ellipsometer and large 
beam size. The measurement demonstrates the device broadband behavior and agrees 
well with simulation. 
 
7.4 Angular robustness and design tolerance 
For many practical applications, the device performance should be robust to the variations 
in the angle of incidence [13]. This also helps reduce the requirements of other optical 
components in the system. Figures 7.9a and b plot the simulated transmittance of the 
metasurface at 1.5 µm versus different angles of incidence in the XZ and YZ plane. There 
is a minimal performance degradation of the metasurface until the incident angle reaches 
50o. As an experimental verification, the transmittance was measured at a 30o input angle 
(XZ and YZ plane respectively) and is plotted in figure 7.9c and d. It can be seen that at 
such an incident angle, the metasurface still maintains its properties of high transmission, 
broad bandwidth, and a good extinction ratio. The device’s robust angular tolerance can be 
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understood by examining the angular response of the individual layers. The transmission 
intensity through a single Au nano-grating layer is simulated at both normal incidence and 
30˚ oblique incidence (in the YZ and XZ plane respectively. Figure 7.10). The grating has 
a period of 140 nm and linewidth of 70 nm, and the Au thickness is 40 nm. It can be seen 
that the individual layer has a good incident light angular tolerance and this leads to the 
angular robust performance of the metasurface.  
 
Figure 7.9: (a-b) Simulated transmittance at 1.5 µm with different values of angle of 
incidence in the XZ (a) and YZ (b) plane; (c-d) Measured transmittance with a 30° angle 





Figure 7.10: Normal transmission and angular transmission intensity from a single 
grating layer, which shows good angular tolerance behavior. 
 
 
The metasurface is also insensitive to variations in the nano-grating width and period. 
Increasing or decreasing the grating width by 20 nm does not degrade its performance 
(Figure 7.11). Every individual layer functions as a linear polarizer (anisotropic element), 
and its anisotropic response will not change significantly with grating width variations over 
a certain range. In other words, these three layers of cascaded Au nano-gratings can be 
generalized as three layers of coupled anisotropic metallic sheets (Figure 7.12a). This 
response also suggests that the nano-grating period can be modified without sacrificing 
device performance.  
 
To simulate all three Au nano-grating layers with identical geometries (period, linewidth 
and wire height), the middle Au nano-grating layer (140 nm period, 70 nm linewidth and 
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40 nm grating height) was simulated in the SU-8 surrounding dielectric environment first, 
and its transmission and reflection coefficients were extracted. Then, the middle layer 
inside the original metasurface HFSS model was replaced with an anisotropic sheet 
impedance having an optical response equal to that of the simulated structure. This allowed 
periodic boundary conditions to be used to simulate the response of the three layer structure 
with identical periodicities. It should be noted that this analysis assumes there is no 
evanescent coupling between the layers, which becomes more accurate as the layer spacing 
is increased and the periodicity is decreased. 
 
The transmittance of the metasurface consisting of three identical layers of 40 nm thick, 70 
nm wide, and 140 nm period Au nano-gratings is plotted in figure 7.12b, and is very similar 
to that of three layers of Au nano-gratings with a unique middle layer grating period in 
Figure 7.7a. Such a relaxation of the requirements on grating geometries (e.g. width and 
period) paves the way to realize large-area device fabrication for practical applications. It 
is true that sub-wavelength structures are usually fabricated through electron beam 
lithography, which is time consuming and makes it difficult to achieve large-area devices. 
However, for certain structures such as the nano-gratings in this study, they can be easily 
realized by various methods such as interference lithography [158], plasmonic lithography 
[159-161], or nano-imprinting [162-164]. The insensitivities of the device performance to 





Figure 7.11: (a) Simulated transmittance when the grating width is reduced by 10 nm (60 
nm, 90 nm, and 60 nm for the bottom, middle, and top layers, respectively). (b) 
Simulated transmittance when the grating width is reduced by 20 nm (50 nm, 80 nm, and 
50 nm for the bottom, middle, and top layers, respectively). (c) Simulated transmittance 
when the grating width is increased by 10 nm (80 nm, 110 nm, and 80 nm for the bottom, 
middle, and top layers, respectively). (d) Simulated transmittance when the grating width 






Figure 7.12: (a) Generalized model of the metasurface as coupled metallic sheets. (b) 
Simulated transmittance of metasurface with three layers of identical Au nano-gratings. 
 
Further, the design strategy for the metasurface can be easily extended to other wavelength 
ranges to achieve asymmetric light transmission devices. One simple way is to modify the 
spacer layer thickness. As shown in Figure 7.13, asymmetric light transmission around 1 
µm and 2 µm can be realized by setting the spacer thickness as 70 nm and 260 nm 
respectively. The detailed transmission characters of each design are plotted in figure 7.14. 
Moving the current design with Au to the visible regime will lead to a degraded 
performance, because of the high optical loss with Au in this wavelength range. Better 
designs can be achieved by choosing low-loss constituent materials in this wavelength 
range (e.g., Silver or Aluminum), and engineering the geometry of the constituent layers 





Figure 7.13: Adjusted transmittance of the metasurface by varying the nano-grating layer 
spacing. 
 
Figure 7.14: (a) Simulated transmittance of the metasurface with a 70 nm spacer layer 









This chapter presents a thin (λ/5) asymmetric light transmitting metasurface. It has the 
advantages of high transmission (80%), broad bandwidth (FWHM bandwidth of 1.7 µm), 
and good extinction ratio (24; 13.8 dB). In addition, its performance is insensitive to both 
the incident light angle and the nano-structure geometric variations. The design principle 
is general and can be applied to other wavelength ranges. In addition, the device structure 






















Future photonic and optoelectronic devices need to be compact in size for high-density on-
chip integration. In addition, engineering their configurations at the micro- or nano-scale, 
i.e., photonic crystals and metamaterials, can improve exiting and create new device 
functionalities. These advances demand highly precise techniques to fabricate structures of 
various sizes using a wide range of materials at a low cost and high throughput. 
  
So far, various micro- and nano-lithography techniques have been developed, many of 
which are driven by the continuous demands from the semiconductor industry to 
manufacture smaller transistors and denser integrated circuits. They can be roughly 
categorized into (a) photon-based lithography (optical lithography [165], deep-UV / 
extreme-UV lithography [166, 167], X-ray lithography [168], and plasmonic lithography 
[169]), (b) charged particle-based lithography (electron beam lithography [170, 171] and 
focused ion beam milling [172]), (c) printing-based lithography (nano-imprinting [162, 
164] and micro-contact printing [173, 174]), (d) direct laser writing [175], (e) tip-based 
lithography (dip-pen lithography [176, 177] and thermal tip lithography [178]), and f) 
various self-assembly methods [179, 180].  
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Photon-based lithography is currently being widely used in industry, but their resolutions 
are limited by the light diffraction effect. To further increase the resolution, either light 
sources with shorter wavelengths and corresponding photo resists need to be developed, or 
other complex set-ups such as immersion type lithography needs to be used. At the same 
time, the lithography systems are getting more and more complicated with a decreasing 
feature size. Charge particle-based lithography (electron-beam, ion-beam) provides a high 
resolution, but suffers from issues, such as slow speed, low throughput, and complicated 
tool set-up. Moreover, patterning can only be performed over a limited area due to their 
intrinsic low speed. In comparison, printing-based lithography is compatible with rich 
groups of materials and they can be scaled to pattern structures over very large areas. 
Moreover, its throughput is high, and many of the printing methods do not reply on 
complicated tool designs, making the fabrication highly efficient and inexpensive.  
 
Nanoimprint lithography (NIL) is an important member of the printing-based lithography 
family. It was proposed in the 1990s by Stephen Chou and his co-workers [181, 182]. The 
technique was a modification of the manufacturing process of compact disks and was 
similar to a molding process developed by Japanese researchers in the 1970s [183]. 
However, in the nineties, the semiconductor industry was struggling to shrink the lateral 
patterning dimensions in order to keep up with Moore’s law. Therefore, nanoimprinting’s 
demonstration of 10 nm feature sizes instantly made it a promising alternative to expensive 




Although NIL has been in existence for over 20 years, several critical issues are still being 
identified and solved so that it can be employed in the highly demanding semiconductor 
industry. Firstly, NIL is conducted with a 1x mask (typically called the imprinting mold / 
template). Therefore, in order to perform NIL, an expensive and high precise mask needs 
to be prepared first. Also, NIL is a contact process, wherein defects can easily be generated 
and pattern distortions can happen during the mold/substrate separation (de-molding) 
process. Moreover, there is usually a residual layer on the substrate after NIL, which needs 
to be removed before subsequent processing. However, the above constraints can be well 
tolerated by other applications such as photonics, magnetics (e.g. patterned media), 
sensors, micro-/nano-fluidics, and biology. Indeed, NIL’s high resolution, great 
repeatability, low cost, and virtually unlimited throughput ability make it an advantageous 
approach for both research prototype fabrication and large-volume product manufacturing 
for these applications. 
 
In this chapter, nanoimprinting is utilized as an efficient and cost-effective technique for 
fabricating metasurfaces. Metasurfaces are sub-wavelength textured surfaces that can be 
thought of as the two-dimensional equivalent of metamaterials. By properly choosing their 
constituent nano-antennas’ materials and geometries, versatile light property (spectrum, 
direction, and polarization) control has been demonstrated. The two-dimension nature of 
metasurfaces corresponds well with nanoimprint lithography (NIL), which patterns 
nanostructures over a plane. Imprinting has numerous advantages including simplified 
fabrication, high resolution, great fidelity, and increased throughput. Also, this method is 
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capable of processing various kinds of materials on diverse substrates. All these unique 
features enable high performance printed photonic devices. As an example, a printed 
dielectric metasurface is demonstrated and it has the function to convert a linearly polarized 
input to a radially polarized output.  
8.2 Design 
The metasurface is made of poly-Si, which has a negligible light absorption at its working 
wavelength (1500 nm). The unit cell consists of 1D Si gratings on a fused silica substrate, 
and the grating has a height of 400 nm, width of 180 nm, and period of 800 nm. It is worth 
noting that the Si layer thickness is much smaller than the working wavelength of the 
metasurface. However, with a proper design here, light polarized perpendicular to the 
grating direction (TE) will excite a fundamental electric resonance inside the Si gratings, 
while light polarized along the grating direction (TM) will excite a second order magnetic 
resonance inside the grating [147]. The difference in the resonance behaviors for TE and 
TM light leads to a π phase difference upon their transmission, while at the same time, 
similar transmission intensities (figure 8.2). Therefore, the Si grating works as an efficient 
nano-size half waveplate.  
 
In order to convert a linearly polarized incident light (along the y-axis) into a radially 
polarized light upon transmission, the principle axes of the nano-size half-wave plates need 
to be placed according to their azimuthal positions over the plane. As shown in figure 8.1b, 
for a nano-size half-wave plate which has an angle of α with the x-axis, its slow axis needs 
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. In this way, such a nano-size half-wave plate will flip the polarization 
of a linearly polarized light (along the y-axis) with respect to its slow axis, and therefore, 
generates a transmitted light polarized along the radial direction.  
 
Figure 8.2 depicts the layout of the nano-size half-wave plates over the plane, where their 
period is fixed as 800 nm. The antennas’ orientations are set as constant values every 5˚ 
along the azimuthal direction. Except for the tiny central part where the nano-antennas are 
arranged in an irregular fashion, areas away from the central part have antennas locally 
arranged in a regular 1D grating geometry. Consequently, such a “gradient” 1D grating 









Figure 8.1: (a) Schematic drawing of the cross-sectional view of the Si metasurface. (b) 




Figure 8.2: Schematic of the layout of the nano-antennas whose orientations are rotated 




Figure 8.3: (a) Transmission intensities of the two modes through the 1D Si grating. (b) 
Transmission intensity difference of the two modes through the 1D Si grating. (c) 
Transmission phases of the two modes through the 1D Si grating. (d) Transmission phase 
difference of the two modes through the 1D Si grating 
 
8.3 Fabrication and characterization 
The imprint mold is fabricated on a silicon wafer. Electron beam lithography is employed 
to define the metasurface patterns on ZEP 520a resist and the patterns are transfer onto the 
Si wafer by Si etching. A 400 nm thick, poly-Si layer is deposited on a fused silicon 
substrate using a low pressure chemical vapor deposition (LPCVD). Mr-I 8030 is chosen 
as the thermal imprint resist. After the patterns are printed onto the mr-I resist, a short time 
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oxygen plasma etching is applied in order to remove the residual mr-I layer formed in the 
imprinting step. Afterwards, the patterns are transferred down to the poly-Si layer beneath 
through Si etching. The fabricated sample is 1 mm by 1 mm in size. Figure 8.4 shows the 
SEM picture and the optical microscope picture of the imprinted Si metasurface. 
 
Figure 8.4: (a) a SEM picture of the imprinted Si metasurface. (b) An optical microscope 
picture of the device with a 1 mm x 1 mm area. 
 
In order to characterize the device’s performance, a lineally polarized light along the 
vertical direction is send through the metasurface, which goes through a linear polarizer 
and is finally collected by an optical power meter. The linear polarizer transmission axis is 
rotated over 180°, and the transmission intensity after the polarizer is recorded every 10°. 
It can be seen that the output intensity remains flat along with the polarizer’s rotation, a 
direct evidence of the radially polarized output beam. Note that 32˚ corresponds to the 
linear polarizer transmission axis along the vertical direction. Finally it is worthwhile to 
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note that the fabrication process is CMOS-compatible, and is applicable to fabricate various 
dielectric metasurfaces to replace conventional bulky optical systems. 
 
 
Figure 8.5: Measured transmission intensity through the metasurface with respect to 
different orientations of the polarizer transmission axis. Note that 32˚ corresponds to the 
linear polarizer transmission axis along the vertical direction. 
 
8.4 Conclusions 
This chapter presents a printed dielectric metasurface for converting a vertically polarized 
input light into an axially polarized output light. Metasurfaces are sub-wavelength textured 
surfaces that can be thought of as the two-dimensional equivalent of metamaterials. Such 
a two-dimension nature of metasurfaces corresponds well with the nanoimprint lithography 
(NIL), which patterns nanostructures over a plane. NIL has the advantages of simplified 
fabrication, high resolution, great fidelity, and increased throughput, thus providing an 
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efficient and cost-effective method to fabricate metasurfaces. The design methodology and 





















Ultra-broadband and Highly Sensitive Optical Ultrasonic 
Detector for Photoacoustic Imaging 
9.1 Introduction 
Photoacoustic imaging (PAI), an elegant combination of light and sound, has been 
employed in various areas, such as laser ultrasound inspection [184-186], photoacoustic 
microscopy/tomography [187, 188], and more recently, pulsed THz detection and 
imaging[189]. In PAI, a short laser pulse is used to illuminate the light-absorbing objects 
and ultrasound signals are generated via the thermal-elastic expansion [190]. The signals 
are subsequently collected by ultrasound detectors and used for either image construction 
[191, 192] or qualitative analysis [193, 194].  
 
Spatial resolution is one of the key parameters in PAI, in both lateral and axial dimensions. 
The existing PAI systems have demonstrated lateral resolution comparable to that of 
optical microscopy on the scale of micron or even sub-micron [195-198] by fine optical 
focusing. In sharp contrast, the axial resolution remains around 15-20 µm [199, 200], 
similar to that of high-frequency ultrasound imaging and more than one order of magnitude 
worse than the lateral spot size of PAI. The resultant asymmetric and severely distorted 
minimum voxel has a detrimental effect on the 3D imaging capability of PAI. The axial 
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resolution is essentially determined by the sharpness of the detected acoustic pulse and can 
be described by the equation: R = 0.88C/BW [201], where R is the axial resolution, C the 
sound speed, and BW the detector FWHM bandwidth. Since C is a constant in most soft 
biological tissue, R is primarily determined by the detector’s bandwidth.  
 
Conventional ultrasonic transducers almost exclusively use piezoelectric material, either 
inorganic (e.g., piezoceramic materials) [202, 203] or organic materials (e.g., 
polyvinyldenefluoride/PVDF) [204]. Piezoelectric transducers are usually operated over a 
band of frequencies centered at their resonance where the thickness of the piezoelectric 
crystal equals to half of the acoustic wavelength. Thus high-frequency transducers require 
thin crystals, which results in demanding fabrication challenges and robustness issues from 
the fragile films [205]. Moreover, a broad bandwidth covering from nearly DC to very high 
frequencies is essential to subsequent faithful image reconstructions [206], but it is not 
easily obtainable with a single piezoelectric transducer due to the above mentioned 
resonant effect. To overcome such limitations, multiband photoacoustic imaging is 
developed, where multiple ultrasound detectors with different central frequencies are used 
to collect signals from the corresponding bands in a broad frequency range [207, 208].  
 
As an alternative to the finite bandwidth limitation on the detector side, researchers have 
obtained a 7.6 µm axial resolution with a commercial 125 MHz ultrasound transducer by 
applying the de-convolution method [201]. However, this method is sensitive to noise and 
therefore, has limited applications. Another approach is to apply slow-sound silicone oil 
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around the imaging target to improve the axial resolution [209], but the biological 
compatibility of silicone oil needs to be further evaluated.  
 
Ultrasound detection by optical methods is a promising field, where a structure with certain 
optical resonances is employed and its resonant behavior is modulated by the ultrasound 
waves. One popular optical ultrasound detector is the Fabry-Perot polymer film transducer 
[210-212]. Its cavity length is typically 25-50 µm in order to provide enough finesse 
(sensitivity), which limits the bandwidth to tens of MHz. Shelton, et al. reported a novel 
approach to use optical nonlinearities to confine the spatial resolution in both the lateral 
and axial dimensions, and demonstrated an axial resolution of 6 µm [213]. But this 
technique uses a complicated set-up and has issues with the difficulty of miniaturization, 
limited imaging speed, and potential tissue damage. 
 
Apart from bandwidth, detector sensitivity is another important factor to consider. Since 
the attenuation of an ultrasound wave is proportional to the square of its frequency, a high 
frequency component attenuates strongly with distance, e.g., a 300 MHz acoustic wave 
attenuates at a rate of ~20 dB/mm in water and ~80 dB/mm in tissues [195]. Unfortunately, 
noise level increases proportionally with bandwidth at the same time. Therefore, in order 
to collect high frequency photoacoustic signal effectively, a sensitive ultrasound detector 




This chapter reports on an ultrasound detector based on nanoimprinted polymer microring 
resonators with an ultra-broad bandwidth from DC to ~350 MHz at -3dB and an ultra-low 
noise equivalent detectable pressure (NEP) of 105 Pa over this 350 MHz band. The 
microring has a high quality factor on the order of 105, and such a sharp resonance lays the 
foundation for sensitive acoustic detection. The minimized thickness of the microring 
waveguide is responsible for its ultra-broad bandwidth frequency response. An 
unprecedented sub-3 µm axial resolution is demonstrated experimentally by imaging two 
closely-spaced Chromium films. This study demonstrates polymer microring resonator as 
a high performance ultrasound detector for photoacoustic imaging with ultra-broad 
frequency response and high sensitivity. 
9.2 Device fabrication and characterization 
The polymer microring was fabricated by nano-imprinting of polystyrene (PS) film using 
a silicon mold (figure 9.1a). The imprinting process simplifies fabrication, increases 
throughput, and improves reproducibility [162]. The silicon mold fabrication started with 
electron beam lithography (E-beam) to define the microring and the bus waveguide 
patterns on the E-beam resist first. The E-beam resist was polymethyl methacrylate 
(PMMA). After the E-beam resist development, a thermal reflow process (115 °C, 90 s) 
was applied to reduce imperfections in PMMA and harden its edge. Then the PMMA was 
used as the mask in plasma coupled reactive ion etching (RIE) to transfer the pattern onto 
silicon. At last, the PMMA was removed by acetone which concludes the mold fabrication 
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process [214]. Then the silicon mold was employed in a thermal imprinting process (180°C 
for 5 minutes) on polystyrene (PS) film (Nanonex 2000). 
 
The device consists of a ring resonator coupled with a bus waveguide. The ring has a 
diameter of 60 µm and height of 1.4 µm (figure 9.1c and d). Resonant dips in the 
transmission spectrum occur when the round-trip phase delay in the ring equals to multiples 
of 2π radians. Figure 9.1b shows the measured optical transmission spectrum from the 
device. It has a resonance bandwidth of 6 pm, corresponding to a quality factor (Q factor) 
of 1.3 × 105. When the probing laser wavelength is fixed at the sharpest slope of the ring 
resonance curve, the incoming ultrasound signal can be recorded by a varying output light 





Figure 9.1: (a) Schematics of the polymer microring fabrication by the nano-imprinting 
lithography. (b) Optical transmission spectrum of the polymer microring resonator. The 
resonance FWHM is ~6 pm. (c) Angle view scanning electron microscope (SEM) of the 
microring with a diameter of 60μm. (d) Side view SEM picture of the ring with a height 
of 1.4μm.  
 
The experimental setup for investigating the device acoustic bandwidth is shown in figure 
9.2a. A continuous-wave (CW) 780 nm tunable laser (TLB-6312, New Focus) was fiber 
coupled into the device’s input waveguide and its output power was collected by a 
multimode fiber, which was connected to a 1×2 coupler with 90:10 split ratio (FCMM50-
90A-FC , Thorlabs). The outputs of the coupler were detected by two photo-detectors and 
finally recorded by a digital oscilloscope (DSO7054A, Agilent). To lock the probing 
wavelength at the sharp slope of the ring resonance spectrum, output from the 10% channel 
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of the coupler was monitored (1601, New Focus) and used for feedback control of the 
tunable laser. The remaining 90% output was collected by a high-speed avalanche photo 
detector (APD210, Menlo Systems) and used for photoacoustic signal detection. The 
reason to collect as much output power for photoacoustic detection is because the detection 
sensitivity is usually proportional to the probing optical power [215]. The device was 
immersed in de-ionized (DI) water which served as both the top cladding of the microring 
and the coupling medium for the ultrasonic propagation.  
 
To determine the intrinsic bandwidth of the microring resonator, a narrow (broadband) 
acoustic pulse was needed. This was accomplished by photoacoustic signal generation, 
where a 1.5 ns pulse duration, 337 nm laser pulse (GL-3300, Photon Technology 
International) was used to illuminate a 200 nm thick chromium (Cr) film with ~4 mm spot 
size. In the case where the laser pulse duration is far longer than the acoustic transient time 
across the absorber, the generated photoacoustic signal essentially duplicates the incident 
laser pulse in the time domain [216].  
 
Figure 9.2b shows the time-domain laser pulse and the photoacoustic signal detected by 
the microring, using the same high speed photodetector. The full width half maximum 
(FWHM) of the laser pulse is 1.5 ns and that of the photoacoustic signal is 1.8 ns. The 
photoacoustic signal was obtained from a single laser pulse without any averaging. A ~20 
µm water gap between the Cr film and the microring resonator was determined through the 
propagation time of the generated acoustic signal. The frequency response of the microring 
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detector is plotted in figure 9.2c, where the compensation for the water acoustic attenuation 
is taken into account. As can be seen, a flat response stretching from DC to ~350 MHz at -
3 dB (0.707) was obtained. Such a wideband and flat spectral characteristic can 
tremendously enhance the axial resolution in photoacoustic imaging, as shown later. 
Calculation of the frequency response is described as follows. 
 
The measured photoacoustic signal by the microring detector in the frequency domain can 
be expressed as follows: 
𝐹𝑠𝑖𝑔𝑛𝑎𝑙 = 𝐹𝑙𝑎𝑠𝑒𝑟 × 𝐹𝑤𝑎𝑡𝑒𝑟 × 𝐹𝑟𝑖𝑛𝑔 × 𝐹𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 
 
In which, 𝐹𝑠𝑖𝑔𝑛𝑎𝑙 is the detected photoacoustic signal, 𝐹𝑙𝑎𝑠𝑒𝑟 is the laser signal, 𝐹𝑤𝑎𝑡𝑒𝑟 is 
the water frequency-dependent transfer function and represents different attenuations for 
different frequency components. 𝐹𝑟𝑖𝑛𝑔 is the frequency response of the microring, and 
𝐹𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟  is the frequency response of the photo detector. All the parameters are in the 
frequency domain. 
 
The microring frequency response can be calculated by: 
𝐹𝑟𝑖𝑛𝑔 =
𝐹𝑠𝑖𝑔𝑛𝑎𝑙
𝐹𝑙𝑎𝑠𝑒𝑟 × 𝐹𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 × 𝐹𝑤𝑎𝑡𝑒𝑟
 
 
A 20-µm propagation distance in water, which is the gap between the Cr film and the 
microring in experiment, was used in the calculation of 𝐹𝑤𝑎𝑡𝑒𝑟. By measuring the laser 





Figure 9.2: (a) Experimental set-up to determine the bandwidth of the ring resonator. (b) 
Experimentally measured laser signal (FWHM=1.5 ns) and photoacoustic signal 
(FWHM=1.8 ns) in the time domain. (c) The microring response spectrum in the 
frequency domain. The ring has -3dB bandwidth at 350 MHz. 
 
The detector’s acoustic sensitivity was calibrated using the same set-up but the Cr film was 
replaced by a pre-calibrated 20 MHz unfocused transducer (V316, Panametrics NDT) as 
the acoustic source. It was driven by a 2 V peak-to-peak one cycle 20 MHz sinusoidal wave 
with an output peak pressure of 6 KPa. The device produced an output peak voltage of 
120.3 mV without any averaging, corresponding to a sensitivity of 20.05 mV/ KPa. The 
RMS noise level is 2.1 mV over the 1-350 MHz, leading to a NEP of 105 Pa. To the best 
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of the author’s knowledge, this is the first time that low noise equivalent detectable pressure 
with a broad bandwidth of up to 350 MHz has been achieved. Further reduction of the NEP 
is possible by increasing the device Q factor, using higher probe laser power, and 
increasing the photo detector gain with low noise base. 
9.3 Ultrahigh axial resolution 
In figure 9.2b, the measured photoacoustic signal has a FWHM of 1.8 ns. Considering the 
sound speed of 1500 m/s in tissue, a time duration of 1.8 ns translates to a 2.7 µm axial 
resolution. Since the photoacoustic signals from objects at different locations add to each 
other in amplitude, objects with a separation less than 2.7 µm could still be distinguished. 
The system axial resolution could be estimated by shifting and summing the amplitude of 
two photoacoustic signals detected at a certain time interval, and checking if the peaks can 
be distinguished (i.e. Rayleigh criterion). Zhang et al. define the difference in the signal 
envelope between the smaller of the two peaks and the valley as the contrast, and the 
contrast-to-noise ratio (CNR) decreases as the distance between the two signals reduces 
[201]. The axial resolution is determined when CNR reaches 6 dB. Using this method, the 
CNR is plotted as a function of shift distance (figure 9.3a), based on the detected 
photoacoustic signal in figure 9.2b. The CNR reaches 6 dB with a separation of 1.9 µm, 
showing the potential of <2 µm axial resolution in photoacoustic imaging using the 




Due to the limited laser pulse width and photo detector bandwidth/sensitivity, the microring 
response at -6 dB cannot be directly characterized. A Gaussian function is used to 
extrapolate the ring response spectrum, shown in figure 9.4. The ring is expected to have a 
-6 dB bandwidth at 470 MHz. This leads to a detector FWHM bandwidth of 940 MHz. 
Applying the formula R = 0.88C/BW gives an axial resolution of 1.4 µm, which 
corresponds to the result from the “shift and sum” method. 
 
As an experimental demonstration, the single Cr film was replaced by two Cr films 
separated by a thin SU8 spacer. The Cr films are of thickness 40 nm and 160 nm 
respectively, and the SU8 layer is about 5.9 µm. The films are deposited on a Polyethylene 
terephtalate (PET) substrate, which has a matched acoustic impedance with water [209]. 
No reflected acoustic wave from the substrate was observed in experiment. The detected 
signal is shown in figure 9.3b. Clearly two peaks can be distinguished with 1.9 ns 
separation with a CNR of 15 dB. A 1.9 ns time domain gap directly translates to 2.85 µm 
axial resolution in biological tissues (sound velocity 1500m/s in tissues), consistent with 
the previous estimation based on the pulse width of the photoacoustic signal detected by 
the microring. This value is about a two-fold improvement over the recent reported results 
[209],[213], but without any signal processing or sample treatment. An initial experiment 
using the microring in a photoacoustic microscopy system also shows improved axial 




Figure 9.3: (a) Contrast to noise ratio (CNR) as a function of the delay distance. It 
reaches 6 dB at 1.9um (axial resolution estimation). (b) Photoacoustic signals of two 
closely spaced Cr films with 1.9 ns separation in time domain, which is a direct 
experimental demonstration of the super high axial resolution (2.85 um). 
 
 
Figure 9.4: Ring frequency response spectrum and its Gaussian functional extrapolation, 





9.4 Theoretical analysis of the frequency response 
First of all, the detector acoustic response bandwidth is limited by the cavity optical 
bandwidth, which is determined by the inverse photon lifetime in the cavity (ν/Q) [218], 
where ν is the operating frequency and Q the quality factor. This upper frequency limit, 
calculated to be ~18 GHz in the polymer microring case, is far beyond the frequency range 
for PAI (a few hundred MHz).  
 
From the acoustic interaction point of view, the microring resonator is modeled as a vertical 
acoustic Fabry Perot (FP) cavity for the incident acoustic pulse [219]. The active region is 
the polystyrene (PS) waveguide core bounded by the water and the silicon dioxide (SiO2) 
substrate. The microring height is 1.4 µm. In this acoustic cavity, due to the 
smaller/comparable lateral size of the polystyrene waveguide to the ultrasound wavelength, 
acoustic scattering effect cannot be neglected. For estimation, plane wave propagation 
inside the polystyrene (PS) waveguide is assumed. The incoming pressure partially 
transmits into this FP cavity and bounces back and forth between the two boundaries. This 
leads to an acoustic wave amplitude distribution inside the PS waveguide region along the 
vertical direction. Such distribution is integrated over the whole waveguide core area to 
have an effect in modulating the waveguide property and the ring resonance behavior 
[219]. 
 
Similar to an optical FP cavity, the cavity length of this acoustic FP roughly determines its 
response bandwidth. The amplitude of the accumulated acoustic field inside the PS 
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waveguide can be calculated as a function of frequency. The greater acoustic field 
accumulation, the stronger it would influence the PS waveguide property and the ring 
resonance behavior. It is worth noting that the distribution of optical field intensity inside 
the core of the microring optical waveguide is not uniform. For the fundamental optical 
mode, the field has a high intensity in the center and a low intensity near the boundaries. 
Therefore, for a more accurate evaluation, the optical field distribution in the PS core was 
taken into account as a weighting factor in calculating acoustic field accumulation’s effect 
on the PS waveguide property. In other words, optical field distribution acts as a “weighting 
factor” in analyzing the device acoustic frequency response. However, how the optical field 
distribution would affect the device acoustic response is a complex problem by itself. In 
this estimation, the optical field distribution in the vertical direction of the waveguide 
center is used as the “weighting factor” and this is in line with the plane wave 
approximation.   
 
Figure 9.5a shows the optical field distribution for TE mode, as in the case of the 
experiment (TM has similar results). Figure 9.5b shows the simulated and the measured 
frequency response spectra. The simulated response has a -3 dB response at 315 MHz and 
the measured one has -3 dB response at 350 MHz. Also, there are differences in their curve 
shapes. The discrepancy can be attributed to factors, such as the plane wave approximation 
we used, how the optical filed distribution is taken into account, as well as material 




The acoustic impedances used in the acoustic bandwidth simulation for water, PS and SiO2 
are 1.49×106 Kg/(s•m2), 2.47×106 Kg/(s•m2), and 1.31×107 Kg/(s•m2) [220], respectively. 
For the optical field profile calculation, the refractive indices for water, PS and SiO2 are 
1.33, 1.578, and 1.46 respectively [221]. 
 
 
Figure 9.5: (a) Simulated transverse electric (TE) mode distribution; (b) Comparison of 
simulated and measured frequency response. 
 
In the case of planar Fabry-Perot polymer film ultrasound detectors, the film thickness is 
typically chosen as 25-50 µm in order to guarantee a high finesse (thus a high detection 
sensitivity), which limits the detector bandwidth to tens of MHz based on a similar analysis 
discussed above. In sharp contrast, the microring resonator is able to maintain its high Q 
factor (high sensitivity) and broad bandwidth simultaneously. Therefore, it possesses both 
a broad bandwidth and low NEP. The microring is an ideal detector for photoacoustic 
tomography, where objects of different sizes generate photoacoustic signals with different 
central frequencies [222]. The microring could effectively collect all signals as a single 
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element, alleviating the complexity of employing multiply detectors such as in the case of 
multiband photoacoustic tomography. Therefore, the polymer-based miniature size 
microring resonance structure provides an advantageous approach for both broadband and 
sensitive ultrasound detection.  
9.5 Real time THz pulse detection 
Terahertz (THz) sensing plays an important role in industry, biology, and material science. 
Most existing techniques for THz detection either require bulky optics or need cryogenic 
cooling, and the un-cooled thermal detectors usually suffer from a long integration time. A 
novel scheme based on photoacoustic detection of THz (PADTH) pulse radiation is 
proposed and experimentally demonstrated [223, 224]. According to the previously 
mentioned description of the photoacoustic effect (the production of acoustic signals by 
any forms of electromagnetic radiation), the energy of individual THz pulses can be 
converted to acoustic waves with a proper absorbing and thermal expansion medium 
(carbon nanotube-PDMS composite in this case). In PADTH, the transient and localized 
heating in the carbon nanotube-PDMS composite by the absorption of THz pulse energy 
produces ultrasound, which is subsequently detected by a highly sensitive microring 




Figure 9.6: (a) Experimental set-up of the PADTH system; (b) Detected photoacoustic 
signal from signal THz pulse, signifying the system real-time response capability. (c) A 
THz image by PADTH system.  
 
 
Different from the conventional thermal detectors utilizing continuous heat integration, this 
new method of THz detection responds to the energy of each individual THz pulse, 
enabling real time detection and imaging (figure 9.6b and c). The detection speed of 
PADTH system is determined by the time to generate a photoacoustic signal and the 
detected acoustic signal duration. In this case, the detected acoustic pulse duration 
dominates, resulting in a response time of less than 0.1 μs. In contrast, bolometers reply on 
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the electric resistance change with respect to the temperature variation and the response 
time is about 0.1 ms. What is more, bolometer operation usually requires cryogenic cooling 
that limits their wide applications. Pyroelectric detectors work at room temperature, but 
their response is even slower (~0.1s) [223]. Electro-optical sampling can detect THz pulse 
at a fast speed, but the system is bulky [225]. Broadband THz absorption is possible by the 
extraordinary absorption of CNT-polymer composite across a wide spectrum range [226-
228]. Besides, this method offers additional advantages of room-temperature operation, 
compact system size, robustness against ambient noise, etc. 
9.6 Conclusions 
This chapter presents an ultra-broadband and highly sensitive acoustic detector using 
polymer microring resonators. It has a flat frequency response stretching from DC up to 
350 MHz at a -3 dB bandwidth. At the same time, the noise equivalent detectable pressure 
(NEP) is as low as 105 Pa in this broad bandwidth. Such an ultra-broad frequency response 
and unprecedented sensitivity make it an ideal detector in the high-resolution photoacoustic 
imaging. Application of such a broadband detector in photoacoustic imaging system leads 
to an improved axial resolving ability and sub-3 µm axial resolution is experimentally 
demonstrated without any sample treatment or signal processing, which is a two-fold 
improvement over the reported record. The device’s miniaturized cavity height guarantees 
its superior broadband response, and at the same time, its high optical quality factor ensures 
the detection sensitivity. This study shows the polymer microring resonator is a promising 
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Ultrasound Detectors Based on Polymer Filled Silicon 
Metasurfaces on Fiber Tips 
10.1 Introduction 
In chapter 9, ultrasound detectors based on imprinted polymer microring resonators are 
discussed. Compared to conventional ultrasound transducers, the imprinted microrings 
have the advantages of high sensitivity, broad bandwidth, immunity to electromagnetic 
interferences, etc. These advantages have facilitated the device’s various applications, such 
as photoacoustic imaging and real time THz pulse detection. However, the microring still 
need to be connected with optical fibers at its input and output waveguides, which limit the 
device footprint. In comparison, direct integrating acoustic detectors on fiber tips could 
enable various applications, especially intravascular photoacoustic/ultrasound imaging 
[229, 230], remote strain monitoring, and point-of-interest ultrasound inspection, where 
there is a very limited space for detectors. In this chapter, an acoustic detector based on 




The metasurface consists of one dimensional (1D) silicon gratings on a fused silica 
substrate, and the Si gratings are embedded in a SU8 polymer layer (figure 10.1a). The 
refractive index of Si (index around 3.5 at 1500 nm) is much higher than those of its 
surrounding media (index of fused silica is around 1.45 at 1500 nm, and index of SU8 is 
around 1.58 at 1500 nm), and therefore, such a structure is also termed “high contrast 
grating (HCG)”. With different geometries of the Si gratings, the metasurface has rich 
optical characteristics, including high reflections, high transmissions, and sharp resonances 
[231]. In this work, a metasurface with a sharp resonance in reflection is utilized. 
 
The designed metasurface has a period of 660 nm, grating width of 365 nm, and height of 
1035 nm. For a normal incident light polarized along the Y axis (along the grating 
direction), the device demonstrates a sharp resonance in reflection around 1500 nm (Figure 
10.1b). Such a resonance is formed by the interference inside the sub-wavelength silicon 
layer, which are related to the grating refractive index and dimensions, as well as the 





Figure 10.1: (a) Schematic drawing of the polymer filled silicon metasurface. (b) 
Reflection spectrum of the metasurface with a sharp resonance. 
 
At the resonant wavelength, there is a significant amount of optical field inside the SU8 
layer (figure 10.2a). As mentioned in chapter 9, an acoustic wave will modulate the 
refractive index of the SU8 polymer through the elastic-optic effect [232]. Since the 
resonant condition of the metasurface is closely correlated to the refractive indices of the 
Si grating’s surrounding media, an acoustic wave will modulate the resonant wavelength 
of the device. For example, if the refractive index of SU8 changes from 1.58 to 1.585, the 
resonant wavelength has a shift of ~2 nm (figure 10.2b). If the wavelength of the probe 
laser is fixed at the slope of the resonant curve, there will be a time-varying output light 
intensity when an acoustic wave is incident onto the device. It is worth noting that there 
are advantages of designing the resonant wavelengths around 1500 nm, since there are 





Figure 10.2: (a) Optical field distribution of a unit cell of the metasurface at resonance, 
and there is a significant optical field inside the SU8 polymer layer. The rectangular box 
denotes the position of the 1D Si grating. (b) Shift of the resonance wavelength with 
respect to the refractive index change of SU8. 
 
The design tolerance is also investigated. Figure 10.3a shows the dependence of reflection 
resonance on the grating width for a fixed grating period (660 nm) and height (1035 nm). 
Increasing the grating width induces a red shift of the resonance; however, the shift is still 
within a reasonable range covered by many wavelength-tunable lasers (e.g., 8168F Hewlett 
Packard, TLB 6326 Newport, etc). Similarly, when the grating height is varied for a given 




Figure 10.3: (a) Reflection resonances for gratings with different widths. The grating 
period and height are fixed as 660 nm and 1035 nm, respectively. (b) Reflection 
resonances for gratings with different heights. The grating period and width are fixed as 
660 nm and 365 nm, respectively. 
 
In addition, the metasurface is designed to be probed by an optical fiber and light has a 
diverging angle when exiting the fibers. For example, the numerical aperture (NA) of a 
single mode (SM) fiber at 1500 nm (SMF-28, Thorlabs) is 0.14. This leads to a diverging 
angle of ~ 8° when the light exits from the fiber into air. Figure 10.4 shows the reflection 
resonance for the probe light with different angles of incidence (5° and 10° in the XZ and 
YZ plane, respectively). The resonant wavelength varies with different angles of incidence, 
but is still around 1500 nm. The sensitivity of resonant wavelength to the angle of incidence 





Figure 10.4: Reflection resonance with different angles of incidence. The polarization of 
the incident light is fixed along the 1D grating direction. 
 
10.3 Fabrication 
A novel process was developed to fabricate and transfer the metasurface structure onto 
fiber tips with preserved functionalities and performance. The metasuface fabrication starts 
with E-beam lithography and reactive ion etching (RIE) to define grating pattern on the top 
silicon layer of a silicon-on-insulator (SOI) wafer (Figure 10.5). Then the sample 
underwent a short-time thermal oxidation (1000 °C in air for 30 minutes), followed by 
buffered hydrofluoric acid (BHF) etching. This step will remove the native oxide grown 
during the thermal oxidation step, thus reducing the roughness of the Si grating and 
increasing the device’s quality factor. Subsequently, SU-8 polymer is filled into the grating 
trenches by a thermal imprinting process followed by UV curing. Figure 10.6 shows the 
SEM picture of the HCG after BHF acid etching (a) and HCG after SU8 polymer filling 





Figure 10.5: Fabrication process of the metasurface membrane. 
 
 
Figure 10.6: (a) SEM of the HCG after BHF etching. (b) SEM of the HCG after SU8 
polymer filling. (c) Optical microscope picture of the SU8 filled HCG. 
 
The HCG membrane is transferred onto a fiber tip with the help of a sacrificial release layer 
(figure 10.7). The sample is flipped over and boned to another fused silica substrate by a 
PMMA layer through a thermal imprinting process. Afterwards, the thick Si substrate was 
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removed by RIE. Finally, an optical fiber is mounted with the HCG membrane, and the 
fused silica substrate was released by dissolving the PMMA bonding layer in acetone. A 
microscope image of the final acoustic fiber probe is shown in Figure 10.8a.  
 
 
Figure 10.7: Fabrication process of transferring the metasurface membrane onto the tip of 
an optical fiber. 
 
10.4 Preliminary test 
The metasurface’s reflection spectrum is characterized by a wavelength tunable laser 
around 1500 nm (8168F, Hewlett Packard) and the measured spectrum is plotted in Figure 
10.8b. The optical Q-factor of the resonance is ~3000. The acoustic response of the probe 





Figure 10.8: (a) An optical microscope picture of a metasurface membrane on the tip of 




Figure 10.9: (a) Schematic of ultrasound wave detection using the metasurface probe. (b) 







This chapter presents another kind of ultrasound detectors based on polymer filled 
metasurfaces on fiber tips. The polymer filled metasurfaces are designed to have sharp 
reflection resonances, which are prone to be modulated by external ultrasound waves. 
Direct integrating these devices on the tips of optical fibers further shrink their footprint, 
and provides viable solutions to applications, such as intravascular photoacoustic imaging, 
















Summary and Future Directions 
11.1 Summary 
The thesis is categorized into three parts: Doped Ag films and their optoelectronic 
applications; Metasurfaces for light property manipulations; Ultrasound detectors based on 
optical resonating structures. These parts are closely correlated with each other, and 
represent some of the recent developments in the constituent materials and device designs 
for future optical and optoelectronic device platforms. 
 
In terms of the developments of new materials, a new kind of Ag film: doped Ag has been 
systematically studied. Compared to pure Ag films, doped Ag films are ultra-thin and 
smooth. They maintain the good optical and electrical properties of pure Ag films, while 
at the same time, have a significantly improved long-term and thermal stability, as well as 
a good adhesion to various substrates. Four kinds of doped Ag have been investigated: Al-
doped Ag, Ti-doped Ag, Cr-doped Ag, and Cu-doped Ag. Various techniques have been 
utilize to characterize their optical and electrical properties, morphology, structural 




Thin doped Ag films have facilitated various optoelectronic devices, i.e., organic solar cells 
and organic light emitting diodes. Organic solar cells using thin doped Ag films as 
transparent conductors have enhanced power conversion efficiencies (PCEs) thanks to the 
resonant light harvesting effect; Organic light emitting diodes with thin doped Ag films 
have enhanced out-coupling efficiencies and improved mechanical flexibilities. In 
addition, Al-doped Ag films enable a high-performance nanophotonic framework. 
Hyperbolic metamaterials consisting of doped Ag films have both a low-loss and 
homogeneous response; Plasmonic waveguides made of doped Ag films exhibit a record-
high propagation distance. 
 
In terms of the developments of device design and fabrication, nano-size metamaterials 
(metasurfaces) are demonstrated for controlling the polarization and propagation direction 
of light. A 290 nm thick metasurface, which provides asymmetric light transmission, is 
designed and fabricated. It has a measured transmission efficiency of 80%, an extinction 
ratio of 13.8 dB around 1.5 µm, and a full width half maximum bandwidth of 1.7 µm. Also, 
the metasurface has a good performance tolerance against the angle of incidence and 
constituent nano-structure geometry variations, and is compatible with large-scale 
manufacturing methods. In addition, a large-area, printed metasurface is designed and 
fabricated. It is made of lossless dielectric (silicon) materials and offers the functionality 
of converting a vertically polarized incident light into a radially polarized transmitted light. 




The optical and optoelectronic devices also provide valuable solutions to other problems, 
such as acoustic wave detection. It is shown that optical resonant structures provide a 
unique approach for detecting acoustic waves. Nanoimprinted polymer microring 
resonators are investigated as high-performance ultrasound detectors. They have a good 
detection sensitivity, broad response bandwidth, and immunity to electromagnetic 
interferences. These advantages have facilitated various applications of photoacoustic 
imaging and real-time terahertz (Thz) pulse detection. To further reduce the detector size, 
polymer filled silicon metasurfaces on fiber tips are also designed. The polymer filled 
metasurfaces are designed to have sharp reflection resonances, which are prone to be 
modulated by external ultrasound waves. Direct integrating these devices on the tips of 
optical fibers further shrink their footprint, and provides viable solutions to applications, 
such as intravascular photoacoustic imaging, remote strain monitoring, and point-of-
interest ultrasound inspection. 
11.2 Future directions 
(1) Several alternative doped Ag films have been studied in chapter 2. Future work include 
charactering their thermal and long-term stabilities, applying the films in optical and 
optoelectronic devices, as well as testing other doping metals for ultra-thin Ag film 
deposition. 
 
(2) A preliminary explanation of the mechanism of ultra-thin Al-doped Ag formation is 
provided in chapter 2. Future work include more fundamental “first-principle” studies of 
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the thin doped Ag formation. Also, such a study can be extended to investigate the 
mechanism of other alternative doped Ag films.  
 
(3) The design for enhancing the out-coupling efficiencies of OLEDs is given in chapter 5. 
Future work include fabricating the designed OLEDs and characterizing their performance. 
 
(4) An imprinted metasurface is presented in chapter 8. It can convert a vertically polarized 
incident light into a radially polarized light upon transmission. Future work include 
extending the device design methodologies and fabrication techniques to other metasurface 
structures, such as polarization rotation metasurfaces, “photonic spin-hall effect” 
metasurfaces, etc. 
 
(5) Ultrasound detectors based on polymer filled metasurfaces on fiber tips are presented 
in chapter 10. Future work include characterizing the probe’s detection sensitivity, 
frequency response, angular detection sensitivity, etc. Also, such probes will be applied in 
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